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THE FORMATION IN VITRO OF THYROXINE AND DIIODO- 
TYROSINE BY THYROID TISSUE WITH RADIOACTmS 
IODINE AS INDICATOR* 

Bv M. E. MORTON and I. L. CHAIKOFF 
(From the Division of Physiology, University of California Medical School, Berkeley) 

(Received for publication, September 22, 1942) 

The conversion of radioactive inorganic iodine to radiothyroxine and 
radiodiiodotyrosine by excised surviving thjToid tissue is demonstrated 
here. Thyroid tissue removed from sheep, dogs, and rats was sliced and 
added to a bicarbonate-Ringer’s solution containing approximately 0.1 -y 
of I'” per cc. A tracer amount of 1“' was added to this solution. The 
presence of newlj' formed radiothyroxine and radiodiiodotyrosine was 
established by removal of radioactive contaminants with a dilution or 
“washing out” procedure during recrj’stallization of the radioactive com- 
pounds to constant specific activity. 

Thyroid Slices of Sheep, Dog, and Rat — The formation of diiodotyrosine 
and thyroxine by thyroid tissue obtained from sheep, dog, and rat is shown 
in Table I. The thyroids of sheep and dog were sliced, whereas in the rat 
the gland w'as e.xcised in toto and halved with a razor blade. At the end 
of 2 hours 31 to 37 per cent of the I'*‘ contained in the Ringer’s solution w'as 
converted to diiodotyrosine by sheep glands. In the same time excised 
dog thyroids showed a conversion of 21 to 24 per cent. A surprisingly 
large amoimt of I”' was found in the form of diiodotyrosine at the end of 
3 hours in the bath containing rat thyroids: 60 to 71 per cent of the radio- 
iodide was converted to diiodotyrosine in 3 hours by 320 to 360 mg. of rat 
thyroid tissue. 

In 2 hours sheep thyroids converted 5 to 6 per cent of the Ringer’s I“‘ 
to thyroxine. Somewhat less w'as found in the vessels containing 110 to 
140 mg. of dog thyroid tissue for the same time. The most pronounced 
conversion of iodide to thyroxine occurred in the experiment with rat 
thyroid. The flasks in which 320 to 360 mg. of rat thyroid were incubated 
for 3 hours contained as much as 12 per cent of the added to the Ringer’s 
medium in the form of thyroxine. 

Identification of Newly Formed Diiodotyrosine and Thyroxine — ^Although 
only two iodine-containing compounds, namely diiodot 3 Tosine and thy- 
roxine, have so far been identified in animal tissues, nevertheless the pos- 
sible presence of other iodinated compounds in animal tissues must be 

• Aided by grants from the Commonwealth Fund and the Committee for Research 
in Endocrinology of the National Research Council. 
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after the first butyl alcohol extraction) was acidified to pH 3.5 to 4.0 with 
HCl. Six extractions with 20 cc. portions of butyl alcohol were made. 
The butyl alcohol layers were combined and then evaporated to dryness 
under reduced pressure. 20 mg. of non-mdioactive crj’stallinc diiodo- 
tjTOsine were added to the residue (obtained after the evaporation of the 
butyl alcohol) and the mixture taken up in hot 70 per cent ethyl alcohol. 
The thjToxine and the diiodotjTosine were each recrj’stallized five times 
further, the thyroxine as the potassium salt and the diiodot3TOsine from 
70 per cent ethyl alcohol. In each rccr>-stallization of thyroxine 5 mg. of 
non-radioactive diiodotj'rosine were added in order to “wash out” any 
contaminating radiodiiodotyrosinc bj' dilution. In the case of the diiodo- 
tyrosine recrystallizations, 5 mg. of non-radioactivc thyroxine were added 
to “wash out” contaminating radiothjToxine. After each reciystalliza- 
tion the respective specific acthdties of the thyroxine and diiodotj'rosine 

Table II 


Recrytlallizalion, of Thyroxine and Diiodolyrosine to Comtant Specific Activity 
The radioactivity is measured in counts per minute. 


RecrysUlli* 

ution 

Thyrorinc 

Bliodotyrosine 

Colorimeter 

readio; 

Radioactivity 

SpectBc 

activity 

Colorimeter 

reading 

Radioactivity 

Specific 

activity 

1st 

64 

100 

1.56 

264 

2800 

10.6 

2nd 

352 

450 

1.28 

157 

2200 

14.0 

3rd 

390 

522 

1.34 

410 

5660 

13.8 

4th 

423 

530 

1.25 

362 

5140 

14.2 

5th 

673 

875 

1.30 

125 

1730 

13.8 


were determined and expressed in terms of radioactivity per unit reading 
of a Klett-Summerson photoelectric colorimeter (Table II). 

The Kendall-Osterberg HNOr color reaction (4) was found to give a 
means of determining quantitatively the pure thj'roxine and diiodotyrosine 
obtained by recrystallization. The basis for this method is the color 
reaction obtained when an alcoholic solution of an o-hydroxydiiodo deriva- 
tive of benzene is made alkaline wth NHj after treatment with HNOz. 

Quantitative results -vvith the Kendall-Osterberg reaction were obtained 
when care was taken to use only pure thj'roxine and diiodotj'rosine. Im- 
purities such as sulfate, acetate, etc., were found to cause the appearance of 
an orange color of variable intensity. For this reason the thyroxine was 
carefully precipitated as the potassium salt from a carbonate solution and 
the diiodotyrosine was precipitated from 70 per cent ethyl alcohol. After 
each recrystallization 2 to 3 mg. of the pure crystalline compound were 
dissolved in 5 cc. of 95 per cent ethyl alcohol in a small test-tube. To this 
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solution 0.2 cc. of 6 n HCl was added and tliis was followed by the addition 
of 0.5 cc. of a freshly prepared 1 per cent NaNO; solution. A yellow color 
appeared that deepened by heating the solution just to the boiling point 
in a hot water bath. The solution was then cooled and 0.5 cc. of concen- 
trated NHs added. The resultant color was a deep pink. Variable 
aliquots of this solution were chosen according to the color intensity and 
amount of radioactivity present. To determine the color intensity the 
aliquot was transferred to a colorimeter tube and diluted accurate!}' to the 
5 cc. mark irith 95 per cent ethyl alcohol. The color was found to remain 
constant with time and no tests were carried out at temperatures other 
than those of the laboratory. Colorimeter readings were found to be 
directly proportional to the amount of pure thyroxine or pure diiodo- 
tyrosinc present. 

Detenninations of the radioactivity of the crystalline diiodotyrosine and 
thyroxine were made as described below by transferring an aliquot directly 
to a copper-foil disk and counting its activity on the Geiger-Miiller counter. 
The radioactivity of all samples was counted at the same time, thus 
eliminating the necessity for corrections of radioactive decay. Specific 
activity was then cxiircsscd by dividing the counts of radioactivity per 
minute by the colorimeter reading obtained for the aliquot. Each deter- 
mination was made in duplicate and the average values are recorded 
in Table II. 

The results recorded in Table II show that a constant amount of radio- 
activity remains associated with each compound despite repeated recrys- 
t.allizations. The specific activities' for both thyroxine and diiodotyrosine 
do not change significantly after the second i-ccry.stallization. This .should 
be expected to occur only in a case in which the substance giving the radio- 
activity was identical with the material that underwent repeated recrys- 
tallizations. If two substances were involved, one being adsorbed on the 
other, it is hardly likely that a constant specific activity could be main- 
tained by repeated recrystallizations that were accompanied by the “wash- 
ing out” procedure. liVir/i radioiodidc or radiodiiodolyrosinc was added to 
noii-radioactivc cryslatluic thyroxine, only two rccrystallizatioris of the 
latter were found necessary to remove the radioactive substances froin the 
thyroxine completely. A similar result was obtained when radioiodide or 
radiothyroxine was added to non -radioactive diiodotyrosine and rccrys- 
tallizations of the latter carried out; no radioactivity was found associated 
with riic crystalline diiodotyrosine after its second rccrystallization. These 
results strongly .suggest the jire.sencc of newly formed thyroxine and diiodo- 

' Piiuv the colorimeter re-ntlinR is proportion.al to the amount of thyroxine or 
rosine, gpecific activity was measured by the ratio of the radioactivity to 
tV'.t colorimeter reading. 
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tyrosine, for the I”' of the thyroxinc-likc fraction cannot be due to con- 
tamination with cither radiodiiodotyrosinc or radioiodide, and the I'*' of 
the diiodotyrosine-like fraction cannot be ascribed to contamination with 
radiothyroxine or radioiodide. 

Thyroxine and Diiodotyrosinc Formation Ms a Function of Time — In the 
experiments recorded in Table III, slices were prepared from the thyroid 
glands of two dogs. An amount of slices varj’ing from 48 to 70 mg. was 
incubated in 2 cc. of a bicarbonate-Ringcr’s solution to which had been 
added a tracer amount of 1'“'. Zero inteiwals refer to experiments in which 
thjToid slices were hydrolj’zed vnmediatcly after the addition of the radio- 
iodide. The reliability of the fractionation procedure is shown by the 

Table III 


Effect of Time on Amount of Ringer's I Converted to Thyroxine and Diiodotyrosine 
by Slices of Dog Thyroid Gland 


Duration of 
incubation 

Thyroid tissue 
added* 

Per cent of Ringer’s I*** recovered as 

Thyroxine 

Diiodotyrosine 

Inorganic 

Arj. 

fnj. 




0 

66 

0.7 

1.4 

97.7 

0 

61 

0.6 

0.8 

98.9 

1.5 

51 

1.7 

6.9 

91.5 

1.5 

64 

2.0 

6.7 

91.5 

3.0 

57 

3.8 

21.3 

75.2 

3.0 

48 

4.3 

21.2 

74.5 

4.5 

70 

4.8 

30.6 

64.6 

4.5 

54 

4.6 

29.9 

65.6 


•Each flask contained 2.0 cc. of bicarbonate-Ringer’s solution. 


distribution of the radioiodide among the three fractions at this time 
interval. 

A sharp increase in the radiodiiodotyrosinc formed was observed between 
1.5 and 3 hours. Between these two intervals, the content of the 
diiodotyrosine rose from 7 to 21 per cent. The radiothyroxine during this 
time rose from about 2 to 4 per cent. During the next 1.5 hours (i.e. from 
3 to 4.5 hours, in Table III) the increased incorporation of the into 
diiodotyrosine and thyroxine was less pronounced than during the pre- 
ceding 1.5 hours. 

R6le of Tissue Organization in Formation of Radiodiiodotyrosinc and 
Radiothyroxine — In Table IV, the radiothyroxine and radiodiiodotyrosine 
formed in the presence of the following thyroid preparations were com- 
pared: sliced, minced, mortar-ground, and homogenized. In the first four 
experiments carried out with sheep thyroids, slices were prepared from 
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several glamls and tlicsc slices pooled. In Experiment 1, slices Vi’cyc 
elioscn at random and incubated in the bicarbonate-Ringer’s solution 
containing I'”. In Experiments 2 to 4, random^ chosen slices Avere either 
minced iritii a razor blade on a glass plate or ground in an agate mortar, 
or homogenized. In Experiment 5 the thyroid glands of ten rats were 
homogenized in an all-glass apparatus described by Potter and Elve- 
hjem (5), and treated in a manner similar to that of Experiment 4, 

.V progressive decrease in the radiothyroxine and radiodiiodotyrosine 
formed was obsen’ed in the order in which the preparations are listed. 
Thus from three-fifths to two-thirds of the P’’ organicallj' bound by slices 
was so bound in the case of minced tissue. A further decrease in the con- 


Table IV 

Effect of Tissue IiUactncss on In Vitro Formation of Thyroxine and Diiodolyrosine 


F.x;>eT5- 

mrnt 

Animal 

Ti«ue 

addetl* 

Treatment of tissue 

Time 

Per cent of RinKcr’s I'” 
recovered as 



bated 

Thy. 

roxine 

Dnodo- 

tyrosine 

Itiof. 

ganic 

1 

Sheep 

ms. 

305 

Slices 

hts. 

2 

7.3 

67.3 

36.4 

1 


303 

(< 

2 

6.8 

50.9 

42.3 

2 


300 

Mince 

0 

0.72 


98.7 

0 


300 


2 

4.1 

33.7 

62.2 


(< 

300 

“ 

2 

3.9 

32.2 


3 


300 

Mortar-ground (ngfito) 

0 

0.64 

0.63 

98.8 

3 

<< 

300 

<« if 

2 

2.9 

21.0 

Eia 

3 

i< 

300 

»« it 

2 

2.9 

25.6 

71.6 

•t 

ti 

300 

Homogenized in slninlcss steel 

2 

0.73 

3.8 


•1 


300 

*f 1* (( 

2 

0.79 

0.61 

98.5 

5 

Hal 

331 

II i< , 

glnss 

3 

1.1 

5.5 



* Eftch contained 3.0 cc. of bicnrbonato-Ringcr’s solution. 


version of 1”' to the two organic forms was noted in the sheep thyroid 
tissue ground in a mortar. No formation of radiothyroxine was observed 
in homogenized sheep or rat thyroid tissue, and very small amounts of I”* 
wore converted to radiodiiodotyrosine by’ thy’roid tissue so treated. 

Commrrif .'Vlthough the specific activities of the iodine compounds in 
tho Ringer .s .solution and in the tEsuc were not measured and hence the 
actuirl amounts of newly' formed dhodotyrosinc and thy'roxine cannot be 
c.'dcul.afod, it is ncverthelc.'.s possible to give minimum values based on the 
kiu>wn amount.'^ of I'-' added to tho bicarbonate-Ringcr’s solution. Ap- 
pniximafely 0.1 y of P-- a.s iodide per cc. is contained in tho bicarbonatc- 
Uing,T-s solution. Thi-.- means that in the rat data shown in Table I 
appnivim.ately 0.3 y of !'•' is labeled. Therefore at the end of 3 hours 
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approximately 10 per cent of 0.3 or 0.03 7 of in the Ringer’s solution 
Vias been incorporated into thyroxine. By a similar calculation it can be 
shown that 70 per cent of 0.3 7 or 0.2 7 of I'*^ has been incorporated into 
diiodotjTosine. These are minimum values; if the iodine of the tissue 
(iodide or organically bound) contributes to the amounts labeled, then the 
specific actunties of these compounds would be lowered, and the values 
shown in Table I would then represent larger absolute amounts of thyroxine 
and diiodotjTOsine. 

It is not jMJSsible at present to make a distinction ns to whether iodinated 
molecules such as diiodotjTosine and th 3 ’roxine, or whether uniodinated 
molecules such as tjTOsine and thj’ronine, react with the labeled iodide 
added to the bath. It is important to note, however, that no I”‘ was 
incorporated into thj'roxine or into diiodotyrosine when 50 mg. of desic- 
cated thjToid tissue were incubated for 4 hours in 2 cc. of bicarbonate- 
Ringer’s solution under conditions identical with those described above 
for the slice. Nor was the incorporation observ’ed when the organization 
of the slice was disrupted by homogenization (Table IV). 

EXPERIMENTAL 

The sheep from which thyroid glands were obtained weighed approxi- 
mate!}' 30 kilos. The glands were removed at the abattoir soon after the 
animals were killed, immediately packed in ice, and brought to the labo- 
ratory. After the glands were dissected free from extraneous tissue, they 
were sliced with a razor blade and the slices transferred to a Petri dish con- 
taining a bicarbonate-Ringer’s solution. Slices were then carefully selected 
for uniformity and thickness (approximately 0.2 mm.), blotted on filter 
paper, weighed quickly, and transferred to a 25 cc. Erlenmeyer flask con- 
taining a bicarbonate-Ringer’s solution made up with reagent grade mate- 
rial. The flasks were then placed in a constant temperature water bath 
maintained at 38°. Dogs W'eighing approximately 10 kilos were anes- 
thetized and their thyroids removed. The slicing was done in a manner 
similar to that used for the sheep, although smaller amounts of tissue were 
used in each flask. In the experiments in which rat thyroids were used, 
animals weighing 180 to 220 gm. were chosen. The rats were sacrificed 
by a blow on the back of the neck and their thyroids rapidly removed and 
halved with a razor blade. Further treatment was the same as that 
employed for the thyroid slices of dog and sheep. 

The bicarbonate-Ringer’s solution was prepared according to Krebs and 
Henseleit (G). From 10^ to 3 X 10* counts per minute of I'*‘ (as mea.sured 
with the Geiger-Muller counter) were prc.sent as iodide in the Ringer’s 
solution of each flask. The preparation of the radioiodine has been de- 
scribed elsewhere (7). The I‘-’ present in the bicarbonate-Ringer’s solu- 
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tion was mainly that due to the amount contained in the NaCl. The 
radioiodide was added in 0.1 cc. of a solution of isotonic NaCl. The 
bicarbonate-Ringer’s solution was saturated wth a gas mixture consisting 
of 5 per cent COa and 95 per cent Oi, and the atmosphere above the solu- 
tion and slices was displaced with this gas mixture immediately before the 
flask was placed in the constant temperature water bath and again after 
each hour during the incubation. The pH of the solution was adjusted to 
7.4 to 7.5 just before the addition of the slices. Measurements were made 
■with either a quinhydrone electrode or a glass electrode of the Beckman 
type. 

After completion of the period of incubation, the tissue was hydrolyzed 
with 2 N NaOH for 8 hours on the steam bath. The fractionation pro- 
cedure has been previously described (8). The modifications introduced 
were such as to restrict the volumes worked 'with in order that the tedious 
Cr 03 -H:S 04 ashing previously used might be eliminated. Thus the thj’’- 
roxine, diiodotyrosine, and inorganic iodine fractions were made up to 
volume after separation, and aliquots were pipetted directly on a 4 X 6 cm. 
copper-foil disk on the bottom of which lay a strip of lens paper. The 
aliquots were chosen so that each contained approximately the same 
amouni. of radioactivity. In order to keep self-absorption of the radio- 
activity the same in all determinations, equal volumes of an Na 2 S 04 solu- 
tion were evaporated on each copper dish bj"- heating the latter over a hot- 
plate. In this way each sample contained the same mass of solid material 
after evaporation to dryness. The samples were covered with a piece of 
Scotch tape and wrapped around a thin wall Geiger-Miiller counter to 
determine their radioactivity. Each of the fractions was determined 
separately. The completeness of the recovery is shown by the sum of the 
values of the three fractions. 


SUMMARY 

1. The conversion of iodide to thyroxine and diiodotyrosine by surviving 
slices of thyroid glands obtained from sheep, dog, and rat is demonstrated. 

2. Evidence for the presence of newlj”^ formed thyroxine and diiodo- 
tyrosine n’as presented by the isolation of each as a pure substance from a 
mixture of its radioactive and non-radioactivc forms and bj’’ repeated 
recrystallization of the mixture of both forms of each to constant specific 
activit 3 '. The radioth 3 ’’roxine was washed free of contaminating radio- 
diiodotyrosinc bj' the addition of the latter in its non-radioactive form 
during the rocrj’stalHzations of the thyroxine. Radiodiiodot 3 'rosine was 
freed from contaminating radiothyroxine in a similar manner. 

.3. As much as 12 per cent of the added 1'^* was incorporated into th 3 '- 
roxine and as much a.s 70 per cent into diiodot 3 'rosinc when 300 to 350 mg. 
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of rat thjToid glands were incubated in a bicarbonate-Ringcr’s solution for 
3 hours. In slices prepared from the thyroids of dog and sheep, as much 
as 4 and 6 per cent of the added I'” ^s•as converted to thyroxine rcspec- 
tivelj', and as much as 21 and 37 per cent was incorporated into diiodo- 
tjTosine. 

4. The in vitro incorporation of I"‘ into thjTOjdne and diiodotj'rosine 
by th 3 Toid glands failed to occur when their organization was disrupted 
by homogenization. 
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ACETOIN: POLAROGRAPHIC DETERMINATION AND 
DISAPPEARANCE FROM THE BLOOD 
AFTER ADMINISTRATION 

Br LEON A. GREENBERG 

(From the Laboratory of Applied Physiology, Yale University, New Haven) 

(Received for publication, October 22, 1942) 

Acetoin (acetj'lmethylcarbinol) has been found in minute amounts in 
normal human urine (1) and in the blood of the cow, pig, sheep, and horse 
(2, 3). Westerfeld, Stotz, and Berg (4) have reported that in dogs the 
rate of disappearance of alcohol from the blood was increased by the 
adraimstration of pjTurate and that of pjTUvate by the administration of 
alcohol. They interpret their results as indicating that acetaldehyde, 
produced by a primary oxidation of alcohol, may be condensed with pyru- 
vate to form acetoin. They suggest that this reaction may furnish an 
e.vplanation for a relationship between the metabolism of alcohol and of 
carbohydrate. Support is given to their suggestion by the fact that 
pyruvic acid is a product of the normal metabolism of dextrose and that 
the condensation of acetaldehyde and pyruvic acid to form acetoin is 
knonTj to occur in the metabolic activity of yeast and bacteria. Green, 
Westerfeld, Vennesland, and Knox (5) have demonstrated this condensation 
in vitro Mth enzymes from tissues of various animals. 

Westerfeld, Stotz, and Berg did not test their interpretation of alcohol 
metabolism by making determinations for acetoin in the blood of the dogs 
to which they gave alcohol and pyruvate. The investigation reported 
here is preliminary to such determination (6). The disappearance of 
acetoin from the blood following its administration was studied, since the 
possibility exists that it may be so rapid as to prevent the accumulation of 
appreciable amounts of acetoin. 

Polarographic Determination of Acetoin 

Previous procedures for determining acetoin have consisted in the 
formation and gravimetric determination of nickel dimethylglyoxime by 
the method of Lemoigne (7). The weight of the precipitate is less than 
twice that of the acetoin from which it is formed ; therefore, for reasonable 
accuracy, at least 2 mg. of acetoin must be present in the material to be 
analyzed. The estimation of acetoin in low concentrations in blood %vould 
require such large samples as to be impracticable for repeated determina- 
lons on laboratory animals. The analytical procedure based on nickel 
nnethylglyoxime is time-consuming. The polarographic method, to be 
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described here, is equally specific and quantitative; with it, acetoin in 
concentrations as low as 0.6 mg, per cent can be determined in 2 cc. of 
blood and the analysis completed in 1 hour. 

The method in principle follows that of Lemoigne in the formation of 
diacetyl from acetoin and the separation by distillation. The diacetyl 
is then determined polarographically. Lemoigne oxidized the acetoin 
with small amounts of ferric chloride; van Niel (8) found that this procedure 
did not give constant yields of diacetyl and modified it by using a large 
excess of ferric chloride and distilling slowly. Stahly and Werkman (9) 
were unable to obtain consistent results even with the modification of 
van Niel. It was found in the present investigation that these discrepan- 
cies may result from carrying out the distillation before the acetoin is 
completely oxidized and that they can be obviated by heating the solution 
containing the acetoin and ferric chloride in a hot water bath for 30 minutes 
before distillation. 

The procedure used here in obtaining the diacetyl is as follows: A 1:10 
tungstic acid, protein-free filtrate is prepared from 2 cc. of blood by the 
Folin-Wu method. 10 cc. of the filtrate are placed in a 125 cc. distillation 
flask and 10 cc. of 50 per cent solution of ferric chloride added and an 
ebullition tube inserted. The flask is connected to a small vertical con- 
denser, the lower end of which extends into a receiving tube marked at 10 
cc. The distillation flask is immersed in a hot water bath for 30 minutes; 
the bath is then removed and the flask is heated directlj' with the flame 
from a micro burner. Distillation is continued until e.xactl}' 10 cc. are 
collected. A few cc, of the distillate are then taken for the polarographic 
determination of diacetyl. 

Winkeland Proskc (10), Adkins and Cox (11), and Tachi (12) have shown 
that diacctyl gives a reduction curve on the polarograph. The reduction 
potential and diffusion current are influenced by the pH of the solution 
and the nature of the supporting electroljTe. In the present investigation, 
sodium sulfite was used as the supporting electrolyte. It proved especially 
satisfactory for the following reasons: It gave a large diffusion current for 
diacetyl at a half wave potential of —0.86 volt; the reduction potential of 
sodium occurs at a much higher negative potential and thus gives no 
interference; and the sulfite obviates the necessity of bubbling nitrogen 
through the solution to remove oxj’’gen. 

Kolthoff and Lingane ((13) pp. 59, 346) have confirmed the equation of 
Ilkovic (14) for inorganic ions and uncharged molecules but have shown 
that it docs not applj’’ to the reduction of all organic compounds. There- 
fore, preliminarj’’ to the determination of unknown quantities of acetoin 
bj' the method described here, measurements were made with a series of 
solutions of known concentrations, corrections wqre made for the residua) 
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current ((13) p. 55), and a curve was plotted for diffusion current in relation 
to concentration. This cun'c, shown ns Fig. 1, indicates that the relation 
between diffusion current and concentration was not linear. Fig. 1 was 
used as a reference cur\'e for the estimation of unknown solutions of 
diacetyl. 

For the determination with the polarograph, a cell of about 5 cc. capacity 
was used and determinations made on 2 to 3 cc. of distillate to which an 
excess of sodium sulfite crj’stals was added. If the concentration of 
diacetyl was so high that the diffusion current fell bej'ond the range of the 
reference curve, an appropriate dilution of another portion of the distillate 
was made and the determination repeated. Each mg. of diacetyl corre- 
sponds to 1.023 mg. of acetoin. 



Fig. 1. Reference curve for concentr.utions of diacctyl 

A series of determinations was made on known solutions of acetoin in 
water, blood, and urine; the results are given in Table I. Determinations 
were also made on the blood and urine used to assure initial freedom from 
acetoin. The acetoin was prepared by reducing diacetyl with zinc and 
sulfuric acid and was separated and purified by continuous ether extraction 
and fractional distillation (15). The purity was confirmed by the refrac- 
tive index. With 1 mg. per cent of acetoin the maximum errors in single 
determinations on water, blood, and urine were ±0.2 mg. per cent; with 
10 mg. per cent of acetoin, the maximum errors were -fO.2 and —0.5 mg. 
per cent on water, -f-0,2 and —0.4 mg. per cent on blood, and 0.0 and —0.5 
mg. per cent on urine; with 75 mg, per cent the maximum errors were 
-H.f and —1.2 mg. per cent on w'ater, -f-O.G and —1.0 mg. per cent on 
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Table I 

Detcrminalion of Accloin in Water, Blood, and Urine 


The values are given in mg. per cent. 


Water 

Blood 

Urine 

Known 

Found 

Error 

Known 

Found 

Error 

Known 

Found 

1 

Error 

1.0 

1.1 

+0.1 

1.0 

1.2 

+0.2 

1.0 


-0.1 


0.8 

-0.2 


0.8 

-0.2 


m 

+0.1 


1.2 

+0.2 


0.9 

-0.1 


1.2 

+0.2 


0.9 

-0.1 


1.1 

+0.1 


0.8 



1.1 

+0.1 


1.0 

0.0 


1.0 

0.0 


0.9 

-0.1 


0.8* 

-0.2 





1.1 

+0.1 


1.2* 

+0.2 





0.8 

-0.2 


1 1.0* 

0.0 





0.9 

-0.1 


j 1.1 

+0.1 





1.1 

+0.1 


1 0.8 

-0.2 



1 

Averages 

0.99 



0.99 


i 

1.0 

1 


10.0 

' 9.7 

-0.3 

10.0 

9.6 

-0.4 

10.0 

9.7 



10.0 

0.0 


9.9 

-0.1 


10.0 

■SI 


1 10.1 

+0.1 


9.7 

-0.3 


9.6 




-0.4 


10.0 

0.0 

1 

9.9 

-0.1 



-0.5 


9.8 

-0.2 


9.6 

-0.6 



-0.2 


10.1 

+0.1 





9.7 

-0.3 


9.6 

-0.4 





10.2 

+0.2 


9.9 

-0.1 





9.9 

-0.1 


9.6 

-0.4 





10.1 

+0.1 


10.2 

+0.2 




Averages 

9.86 

i 



9.84 



9.74 


75.0 

74.2 

-0.8 

75.0 

74.0 

-1.0 

76.0 

74.1 

-0.9 


75 0 

0.0 


74.3 

-0.7 


74.6 

-0.4 


74.1 

-0.9 


74.3 

-0.7 


74.3 

-0.7 


73.8 

-1.2 


74.1 

-0.9 


74.9 

-0.1 


74.6 

-0.5 


75.6 

+0.6 


74.2 

-0.8 


70. 1 

+1.1 


74.2* 

-0.8 





75.8 

+0.8 


74.1* 

-0.9 





74.3 

-0.7 


75.3* 

+0.3 





74.2 

-0.8 


74.6 

-0.4 





75.1 

+0.1 


74.0 

-1.0 




Averages 

74.71 



74.45 



74.42 



• Blood also containing 225 mg. per cent of ethyl alcohol. 


blood, and -0.9 mg. per cent on urine. The addition of 225 mg. per cent 
of alcohol to the blood containing acetoin did not affect the accuracy of the 
determination of the acetoin. The increase in error with increase in 
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concentration of acctoin is due probabl}' to greater loss of diacctyl during 
the distillation of the more concentrated solutions. 

Rate of Disappearance of Acctoin from Blood 

Acetoin was given to sue dogs in amounts of 1 or 2 gm. per kilo of body 
weight. The concentration of acctoin in the blood was determined at 
hourly intervals. The curves for concentration in relation to time were 
virtually identical for each animal given the same dose. The values ob- 
tained are showm in Fig. 2. The rate of disappearance of acetoin was 
not uniform but fell progressively with decreasing concentrations. WTien 
1 gm. of acetoin was given, the concentration in the blood 1 hour later was 
64 to 71 mg. per cent; this low concentration suggests that as with alcohol 
the acetoin diffuses into the intercellular as well ns extracellular fluid 
of the body. In the next four hourly determinations the concentration 
of acetoin in the blood fell by 20, 22, 12, and 5 mg. per cent. Thereafter 
the acetoin disappeared at a very slow rate; so that at 9 hours after adminis- 
tration, 1 mg. per cent was still in the blood. Control samples of blood 
taken before injection of the acetoin showed none in the blood. 

When 2 gm. per kilo of acetoin were given, the concentration at the end 
of 1 hour was 193 to 205 mg. per cent as compared to 64 to 71 mg. per cent 
after half the dose; the possibility exists that with the larger dose the 
distribution throughout the body was not complete at 1 hour and that part 
of the decrease in the concentration in the blood during the next 2 or 3 
hours may have been due to withdrawal of acetoin by the tissues (16). 
Therefore, the possibility cannot be excluded by the experiments reported 
here that at the higher concentrations the disappearance from the blood, 
other than by distribution, may be at a uniform rate. Completion of 
distribution would unquestionably be reached with the larger dose in less 
than 4 hours and by the smaller in less than 2 hours ; the distribution of 
ethyl alcohol (with similar solubility in w'ater but less molecular weight) 
IB reached in much shorter times. The progressive decrease in hourly 
disappearance of acetoin beyond these times is unquestionably valid. 
Even with the period of very slow disappearance of acetoin at low concen- 
trations excluded, the geneml rate of disappearance is no more rapid than 
that of alcohol; after 1 and 2 gm. per kilo are given to a dog, the alcohol 
disappears from the blood in about 4 and 7 hours. 

Acetoin in Urine 

The high boiling point of acetoin (148°) would prevent more than a trace 
0 this substance appearing in the expired air but it has been shmvn by 
Iseuberg and Gottschalk (17) that it may appear in the urine. In one 
which 2 gm. per kilo of acetoin ivere given to a dog, the 

a er urine was withdrawn by catheterization each hour and the concen- 
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tration of acetoin determined. Tlic curve obtained from these 
concentrations is shown in Fig. 2. The total loss of acetoin in the urine 
up to the time when the concentration of acetoin had fallen to 3.8 mg. 



Fig. 2. Concentration of acetoin in the blood and urine following administration 
of 1 and 2 gm. per kilo to dogs. 


per cent was 1.2 per cent of that administered. The concentration (c) 
of acetoin in the urine {U) was higher than in the blood (B) and at a ratio 
(UefB,, Fig. 2) which averaged 1 :1.2. As with alcohol (18, 19), it would 
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appear probable that acetoin passes through the kidneys by diffusion and 
that the differences in concentration are indicative only of differences of 
solubility in blood and urine (19), and consequently may vary slightly 
with the amount of salts dissolved in the urine. 

SUMMARY 

1. A rapid and accurate polarographic method is described for the deter- 
mination of acetoin in blood and urine. 

2. The rate of disappearance of acetoin from blood was determined 
after the administration of 1 and 2 gm. per kilo to dogs. The rate, wdthin 
the range studied, decreases with decreasing concentration. For the doses 
given, acetoin disappears .from the blood no more rapidly than does ethyl 
alcohol. 

3. Acetoin appears in the urine in a concentration approximately 1.2 
of that in the blood. The percentage loss in the urine is small. 
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THE IRON CONTENT OF CRYSTALLINE HUIVIAN HEMOGLOBIN 

Bt F. W. BERNHART and LEONARD SICEGGS 

{From the Deparimenl of Biochemistry^ the Research Division, Cleveland Clinic 
Foundation, Cleveland) 

(Received for publication, October 22, 1942) 

The detennination of human hemoglobin has depended heretofore on 
assumed constants obtained from data on hemoglobin of other species. 
Peters and Van Slyke (1) have stressed the unreliabilit}' of these assumed 
values, which are 1.34 cc. of o.\ygen capacity per gm. or 0.335 per cent iron. 
The onl)' recent work on the subject is that of Morrison (2) who found the 
iron content of fourteen samples of dial 3 'zed, dried preparations of human 
hemoglobin to be from 0.305 to 0.338 per cent. Morrison and Hisey (3) 
showed that human hemoglobin containing 1 atom of iron will bind 1 mole 
of carbon monoxide. 

The investigation described here was undertaken to determine one of the 
primary constants of crj'stalUne human hemoglobin; namely, its iron 
content. 


Methods 

Crystalline Human Hemoglobin — Hemoglobin from a composite sample 
of red blood cells, obtained from about twenty adult individuals, was erj's- 
tallized by the method of Cannan* and recrystallized twee. After the last 
recrystallization the crystals were dissolved in a minimum of water and 
dialyzed until tests for inorganic ions were negative. The dialyzed hemo- 
globin solution was then evaporated and dried at 105° in an electric oven 
to constant weight. After being ground and reheated at 105°, the powdered 
hemoglobin was stored in a desiccator over phosphorus pentoxide. 

Iron Determination — ^Accurate volumetric determination of the iron con- 
tent of hemoglobin and other biological materials has usually been done by 
the titanium reduction method (2-6). This method has three disadvan- 
tages: an unstable standard is used for the titration, oxygen must be ex- 
cluded during the titration and from the stored titanium solution, and 
finally, chlorides interfere in the detennination. The interference of chlo- 
rides precludes the use of hydrochloric acid, which is the best solvent for 
the iron ash. This is a point of practical importance in dry ashing 
procedures. 

^ An accurate and rapid method, free of these difficulties, for the estima- 
tion of 5 to 15 mg. of iron, was developed b}’’ semimicro adaptation of the 

* Cannan, R. K., personal communication. 
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mdely used procedure of titration of ferrous iron wth potassium di- 
chromate (7). 

Reagents — 

Sulfuric acid, iron-free, 36 N. 

Hydrochloric acid, 12 N. 

Phosphoric acid, 85 per cent. 

Stannous chloride solutions. 2 gm. of iron-free SnCls-SH-O in 100 ml. 
of 6 N HCl. It is unportant that this solution be freshly prepared. 

Mercuric chloride solution. 5 per cent solution of HgClj in water. 

Indicator solution. A 0.2 per cent solution of barium diphenylamine 
sulfonate in water. 

Standard potassium dichromate solution. An appro.vimately 0.028 N 
solution with potassium dichromate prepared by rccrj^stallizing the reagent 
grade product and drying the pulverized crystals at 150-200° in an elec- 
tric oven. 

Analytical Procedure — ^About 2 to 5 gm. of hemoglobin .were weighed by 
difference, unth precautions against absorption of moisture, into a tall 
porcelain cracible of 50 ml. capacity. 2 ml. of sulfuric acid were added 
and the cnicibles heated in an electric oven, starting at 80° and increasing 
to a maximum of 135° over a period of 8 hours. 

The crucibles were then placed on a hot-plate and heated until the con- 
tents stopped bubbling. Finally the crucibles were placed in a cold muffle 
furnace. The temperature of the furnace was brought to 590° in about 2 
hours and heating was continued for 8 hours. After 2 ml. of 12 n h 3 ’’dro- 
chloric acid had been added to the drj'^ ash, each crucible was covered vith 
a watch-glass and placed in a steam bath for an hour. The cover-glass was 
removed and the solution evaporated to approximate^ 0.2 ml.; then 1.5 ml. 
of water were added and the solution heated almost to boiling on a hot- 
plate. The stannous chloride solution was added drop by drop from a 
capillary pipette, with agitation, until the j’-ellow color of the ferric iron 
had disappeared; then one more drop was added. The solution was cooled 
in a water bath to below 25° and 1 ml. of 5 per cent mercuric chloride solu- 
tion was blo^vn in all at once. The determination was discarded if the 
precipitate which was obtained was not white, silky, and small in amount. 
At this point 15 ml. of water, previously measured out, 1.5 ml. of 7 N 
sulfuric acid, 0.5 ml. of 85 per cent phosphoric acid, and 0.04 ml. of indi- 
cator solution were added as rapidly as possible and the mixture titrated 
at once with standard potassium dichromate solution, %vith mechanical 
stirring, until a violet tinge appeared. 

With the reagents we emploj^ed, the indicator and reagent blank was 
equivalent to 0.013 ml. of 0.01 n potassium dichromate. 

Accuracy of Method — All weights and volumetric apparatus werecali- 
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brated. 10 ml, of an iron solution containing 8.935 mg. of iron, prepared 
from iron wire (99.8 per cent iron) and dilute hydrochloric acid, w’ere 
evaporated to 0.5 ml. in a porcelain crucible and the iron content deter- 
mined. The average value of eight consecutive detenninations w'as 
8.934 mg., with an average error in a single determination of 0.011 mg. 

Results 

The determination of the iron content of hemoglobin and determinations 
designed to show whether or not a loss of iron occurred during the ashing 
procedure are shown in Table I. 


Table I 


Iron Content of Hemoglobin and Recovert/ of Known Amounts of Iron after Ashing 


Suapte 

Ko. 

M&ltxult 

1 Iron uddcd 

1 

. Iron {oand 

i 

Per cent iron 
in hemosiobin 



1 «f. 

mj. 


1 

Iron solution 

8.935 

s.soo 


2 

« H 

1 8.935 

8.945 


3 

(« it 

8.935 

8.930 


4 

tt tt 

8.935 

8.945 


S 

Hemoglobin, 2.5211 gm. 


8.588 

0.3406 

6 

“ 2,5951 “ 


8.821 

0.3399 

7 

“ 2.3408 " 


7.945 

0.3400 

8 

“ 2.6712 “ 


9.087 

0.3402 

9 

“ 2.7629 “ 


9.414 

0,3407 

10 

Iron solution -b 3 gm. glucose 

8.935 

8.930 


11 

“ « .p 3 “ 

8.935 

8.941 


12 

“ <> 3 « 

8.935 

8.941 


13 

Hemoglobin, 4.1915 gm. 


14,27 

0.3405 

14 

“ 4.2158 » 


. 14.31 

0.3395 

15 

“ 4.3094 “ 


14.64 1 

0.3398 

16 

“ 4.5264 “ 


15.35 

0.3391 

17 

“ 4.4629 ” 


15.18 

0.3401 

Average 

n R4ft 

“ error of single determination 



0.0004 

— 






DISCUSSION 

The value of 0.340 per cent, obtained for the iron content of human 
crystalline hemoglobin dried at 105°, corresponds to a minimal molecular 
weight of 16,400 and an oxygen capacity of 1.36 ml. per gm. These values 
or the constants of hemoglobin indicate that the primary constants 
assumed in hemoglobin methods are 1.5 per cent too low; hence the con- 
centrations reported as gm. of hemoglobin per 100 ml. of blood are too 
mgh by the same percentage. 
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Wc wish to express our tluuiks to Dr. R. L. linden for suggesting this 
problem, to Dr. R. Keith (lannan for providing his method for the crystal- 
lization of human hemoglobin, and to Dr. D. Roy McC'ullagh for supplying 
red blood cells. 


SUMMARY 

1. An accurate method of determining 5 to 15 mg. of iron is presented. 

2. The iron content of crystalline human hemoglobin dried at 105° was 
found to be 0.340 per cent. 
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SOLUBILITY OF NITROUS OXIDE IN HUMAN BLOOD* 

By- S. C. CULLEN akd E. V. COOK 

(From the Division of Anesthesiology, Department of Sargery^ College of Medicine, 
State University of Iowa, Iowa City) 

(Received for publication, October 7, 1942) 

The solubilitj’ of nitrous oxide in blood at bod}’’ temperature was de- 
termined by Siebeck (1) with considerable accuracy as early as 1909. In 
Ws experiment, the blood was placed with a gas mixture in a tonometer of 
3 liters capacity and equilibrated at 38° and atmospheric pressure. After 
an equilibrium had been attained, samples of both blood and gas were 
analyzed for nitrous oxide content. A blood cell solution was used which 
had been prepared from beef blood and was considered by Siebeck to be 
equivalent to whole blood with respect to NjO solubility. 

On three 100 cc. samples of this solution equilibrated at 38° with a 
known gas mixture, Siebeck obtained a values of 41.08, 42.73, and 41.29, re- 
spectively, averaging 41.7 or 0.417 percc. This ct is the Bunsen absorption 
coefficient described (2) as “the volume of gas (reduced to 0° and 760 mm.) 
taken up per imit volume of solvent when the pressure of the gas itself 
minus the vapor tension of the solvent is 760 mm.” 

In spite of the fact that the substitution of such a blood cell solution 
for whole blood may be open to question, the a value of 0.417 agrees 
very closely with that foimd by OrcuttandSeevers {a — 0.416), who have 
recently described a new method for determining the solubility of gases in 
liquids (2). This method, specifically applied to nitrous oxide in blood (3). 
may be considered the most accurate at the present time, and has been used 
m the experiments now to be reported to determine the solubility of 
nitrous oxide in blood at 37.5°. 


Methods 

0:Mlated venous blood samples were equilibrated in a tonometer at 
37.5 and atmospheric pressure with gas mixtures of varying concentrations 
Ns, Os, and COs. The volumes of blood and gas used, the length of 
equilibration, the method of sampling, and other details of procedure were 
he same as those described for normal oxygen tension determinations (4). 

Blood samples (1 cc.) were analyzed according to the method previously 
mentioned (3), Gas samples (25 to 30 cc.) were analyzed by the Van Slyke 
omnometiic procedure (5), corrections being made for the reabsoiption of 
m rous oxide in the sodium hydroxide and hydrosulfite reagents. 

Aided in part by a grant from Linde Air Products, New York. 
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NITROUS OXIDE IN BROOD 


Table I 


Composilion, Barometric Pressures, and Nitrous Oxide Tensions of Blood 

and Gas Samples 


Sample No. 

Equilibrated gas, per cent composition 

Barometric 

* fNrf) 

! 

NK)in 

equilibrated 

CO, 

0, 

N, 

N^) 

pressure 

1 blood 

1 

5.95 


0 

84.5 

j mm. Ilg 

7*10 

j mm. Us 

583 

! tol. per cenl 

30.9 

2 

6.15 


0 

89.6 


i 610 

33.2 

3 

6.30 

1.04 

4.16 

I 88.5 


1 609 

1 34.0 

4 

5.75 

' 17.40 

' 0 

' 76.8 


531 ■ 

28.7 

6 

6.10 

5.33 

21.30 

66.3 

1 740 

458 

25.2 

6 

5.30 

46.80 

0 

47.9 


330 

17.8 

7 

5.60 

9.50 

38.00 

46.9 


323 

1 17.7 

8 

5.80 

1.60 

0 

92.5 


639 

34.0 

9 

1.23 

0.60 

0 

98.1 

740 

678 

37.4 

10 

5.80 

33.70 ! 

0 

60.5 

738 

417 

22.0 

11 

5.70 

7.50 

30.00 

56.8 

737 

391 

21.8 

12 

5.25 

75.80 

0 1 

19.0 j 

736 

131 

! 7.4 

13 

5.38 

15.00 

62.40 

16.6 

730 

114 

1 6.6 

14 

0.42 

0.40 

0 

99.1 1 

736 

681 

i 37.6 

IS 

5.45 

10.25 

65.00 

13.3 

738 

92 

4.8 

16 

5.33 

03,80 

0 

30.8 

742 

213 

11.7 

17 

0.57 

0.28 

0 

99.1 

745 

690 

37.9 

18 

5.53 

53.00 

0 

40.8 

738 

281 

15.1 

19 

6.44 

11.00 

44.00 

38.5 

738 

265 


20 

5.71 

39.60 

0 

54.7 

737 

376 


21 

5.63 

8.12 

32.48 

53.7 

736 

369 

1 




Fig. 1. Nitrous oxide content of human blood when equilibrated nt 37.5° ■\vith 
varying tensions qf nitrous o.xide. pNjO is expressed in mm. of Hg. 











B. C. COUiEN AKD E. V. COOK 


25 


Results 

The analyses of blood and gas samples are recorded in Table I, to- 
gether mth the barometric pressures and corresponding nitrous oxide ten- 
sions which were calculated by the formula: 

pNjO = (barometric pressure minus vapor pressure of blood) % NsO in gas sample 

When the volume of nitrous oxide found in blood is plotted against the 
nitrous oxide found in gas samples, the points fall verj' nearly in a straight 
line, as is shown in Fig. 1. Since the volume of nitrous oxide in blood is 
calculated in terms of 0° and 760 mm., it is possible to read the a value 
directly from the graph, the a value being 0.415. 

DISCUSSION 

Since the blood and gas in the tonometer were at atmospheric pressure 
(approximately 740 mm.) and since the vapor pressure of blood is about 
49 mm., a gas sample of 100 per cent nitrous oxide would exert only about 
691 mm. pressure. However, to determine the amount of nitrous oxide 
that would be dissolved in blood at 37.5° when pNjO — 760 mm. of Hg, it is 
permissible to read the value from the line in the graph. This value would 
be a and is about 0.4,15, which agrees very closely with the values pre- 
viously mentioned (2). 

Seevers and Waters (6) give the solubility of nitrous oxide in terms of 
Ostwald’s solubility expression (2) and report X = 0.470 for blood at 37.5°. 
To convert X to a, one can apply the simple formula, X = a(l -f- 0.003670- 
When the a value found in the present experiment is used, X — 0.415(1 -f 
0.00367 X 37.5) = 0.472. 

Numerous investigators (7-15) have reported nitrous oxide content of 
blood during anesthesia, but because of differences in methods of analysis, 
time of sampling, and lack of data on composition of inspired gas mixtures, 
the results are quite confusing. All of the results are lower than the 
average value of 30 volumes per cent found by the authors in the blood of 
patients inspiring approamately 80 volumes per cent of nitrous o.xide (7). 
Smith (8) who used the same method as was used in the present e.xperi- 
ments, obtained 28 volumes per cent, ryhich agrees more closely than any 
of the others. 

It must be remembered that in the alveoli vapor tension exerts a tension 
of about 49 mm. of Hg, and CO* at least 40 mm., leaving only 650 mm. 
tension (barometric pressure 740 mm.) for nitrous oxide, if 100 per cent 
nitrous o.xide were being inspired. In other words, a patient breathing 
100 per cent nitrous oxide (if he lixmd long enough to attain equilibrium 
between alveoli and blood) would have from 35 to 36 volumes per cent of 
nitrous oxide in his blood. This agrees rather closely with Joh'et and 
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Blanche (15) who found 34 and 37 volumes per cent in blood of two dogs 
after they had breathed 100 per cent nitrous oxide for 3 minutes. 

The elimination of nitrous oxide from blood while air is breathed must 
necessarily depend somewhat upon the rate of respiratory exchange of the 
patient. It is doubtful, however, that the nitrous oxide would be completely 
eliminated in 5 minutes as reported Nicloux (11). When an arterial blood 
sample was drawn from a patient 20 minutes after anesthetic gas had been 
discontinued, it was found by the authors to contain from 1 to 2 volumes 
per cent of nitrous oxide. Although this amount is negligible from an 
anesthetic standpoint, it is still a definitely measurable amount. 

SUMMARY 

The solubility of nitrous oxide in blood at 37.5° was found to be a = 
0.415 and X = 0.472. 

A brief summary is given of the nitrous oxide content of arterial blood 
during nitrous oxide anesthesia. 
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CATECHOLASE (TYROSINASE);* REVERSIBLE 
INACTIVATION AND REACTIVATION! 

By LEON E. TENENBAWVt and H. JENSEN 
(From the Research Laboratories, The Upjohn Company, Kalamazoo) 

(Received for publication, October 26, 1942) 

Studies of the chemical properties of the enzyme, catecholase, have shoivn 
that this polyphenoloxidase consists of a copper-protein complex (1-3). 
Indications have also been obtained that the enzymic activity of catecho- 
lase is associated with the copper part of the molecule, since it has been 
found that the addition of certain reagents known to react with cupric 
ions will inhibit the enzymic activity of catecholase preparations (1, 2, 4, 
5). We were interested to find out whether the enzyme, so inactivated, 
could be reactivated by the addition of certain metal ions. Cupric, ferric, 
cobaltous, and manganous ions were tested. In the following we wish to 
report on our findings. 

EXPERIMENTAL 

Preparatron- of Enzyme — The catecholase preparation, used in the in- 
activation studies, was obtained from the common mushroom, PsalUota 
campestris, according to the method of Tenenbaum and Jensen (6). The 
preparation had an activity of about 250 Adams and Nelson units per rag. 
of dry organic weight, a unit being defined as that amount of enzyme which 
vdll cause an oxygen uptake of 10 c.mm. per minute when the catechol- 
hydroquinone substrate (7) is used. 

Inaclivation Experiments — ^The first series of experiments was carried 
out in order to determine the effect of time on the inactivation of the 
enzyme by the addition of the reagents, potassium cyanide, .sodium 
diethyldithiocarbamate, and potassium ethyl xanthate, and also the degree 
of reactivation following the addition of cupric ions to the inactivated en- 
zyme solution. 

The following solutions were prepared. 

^ Solution 1 — ^This ivas a solution containing enzyme, buffer (phosphate- 
citrate, 0.4 M, pH 6.5), and gelatin, made up to contain 1 ml. of the buffer 
and 5 mg. of gelatin for every 1.3 units of enzyme in the solution. 

_ * The term catecholase is preferable to tyrosinase, hut the latter, however, is still 
la general use, 

t A report upon this work was presented at the meeting of the .American Chemical 
Society at Buffalo, September, 1942, before the Division of Biological Chemistry. 
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ACTIVATION OF TYROSINASE 


Solution 2 — ^This solution prepared as described for Solution 1 contained 
in addition 0.1 mg. of inactivating agent for every 1.3 units of enzyme. 

Solution 3 — This solution was prepared as described for Solution 2, but 
contained in addition 0.5 mg. of cupric ion (added as a .solution of cupric 
chloride) for every 1.3 units of enzyme. The copper salt was added im- 
mediately after the addition of the inactivating agent. 

In determination of the enzymic activity, an aliquot containing 1.3 
units of enzyme was withdrawn from the desired solution for the test. 

After the solutions were prepared, they were allowed to stand at room 
temperature for 10 minutes and then tested. They were then placed in 
the refrigerator and tested 24 and 72 hours afterwards. The solution con- 
taining the active enzyme (Solution 1) was run as a control to determine 
the changes in the enzymic activity which occur on standing. The solu- 
tion containing the enzyme and inactivating agent (Solution 2) was tested 
to determine the loss in potency due to inact ivation. An equivalent portion 
of Solution 2 was tested at the same time in the jircsence of 0.5 mg. of cupric 
ion (added just before the determination) to determine the amount of re- 
activation which could be obtained after the enzyme had been in contact 
with the reagent for the given length of time. Solution 3, wliich contained 
enzyme, inactivating agent, and cupric ion, was tested to determine the 
protective influence of the cupric ion when it was added immediately after 
the addition of the inactivating agent. 

A second series of experiments was carried out to ascertain the effect 
of other metal ions on the degree of reactivation of a pi-eviously inactivated 
enzyme solution. The metal ions besides cupric used in these experiments 
were ferric, manganous, and cobaltous and were added as solutions of their 
corresponding chlorides. 

For this test, the enzyme solutions wore prepared as described for Solu- 
tion 2 and allowed to stand for 10 minutes. At the end of the 10 min- 
ute period 0.5 mg. of the desired ion (cupric, ferric, manganous, or 
cobaltous) was added and the solution tested. The oxygen uptake given 
by the inactivated enzyme solution to which the metal ion had been added 
was compared ivith the uptake obtained with an inactivated enzyme solution 
to which no metal ion had been added. A similar series of experiments 
was undertaken in which a 0.4 m acetate buffer (pH 5.9) was used in place 
of the phosphate-citrate buffer. Controls were run to determine whether 
e metal ions, themselves, would cause an oxygen uptake; none was ob- 
rved when the quantities mentioned above were used. 

DISCUSSION 

As can be seen from Table I, it was found in agreement with other in- 
vestigators (1, 2, 4, 5) that potassium cyanide, sodium diethyldithio- 
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carbamate, and potassium ethyl xanthate wll inhibit catecholase activity. 
The addition of cupric ions will restore enzymic activity, the degree of 
reactivation apparently depending upon the time which elapses between 
the addition of the inactivating agent to the enzyme solution and the 
addition of the cupric ion. When cupric ions were added immediately 
following the addition of the inactivating agent, a small loss in activity 
occurred, which, however, did not increase upon standing. Apparently 
the addition of cupric ions prevents any further inactivation from taking 
place (see the last two columns in Table I). It appears that longer contact 


Tabi-e I 

Effect of Time on Reactivation of Inactivated Catecholase by Cupric Ions 

0.1 mg. of the agent and 0.5 mg. of copper vrere used in these experiments. The 
oxygen uptake is given in c.mra. for a run of a half hour duration. The per cent 
reactivation is calculated on the basis of the amountof activity which still remains 
after inactivation, and not on the total amount of activity. 


ZuftCtlYAtbj: Agent 

Time 

Ctle- 

choUse 

alose 

CateeboUse + 
inactivating 
agent 

Catecholase 
maclivating agent 
cupric ions added 
just before lest 

Catecholase -f 
inactivating agent -f 
cupric ions added im- 
; mediately after agent 

1 had been added 

Ozyges 
: upt^e 


H 

Oxygen 

uptake 

Per cent 
reac- 
tivation 

Oxygen 
: uptake 

Percent 

reac- 

tivation 

Potassium 

1 

1 10 min. 

424 

3.5 

99 1 

304 

72 

335 

79 

cyanide 

24 hrs. 

420 

5,0 

98 

236 

1 56 

342 

81 


72 “ 

408 

3.8 

99 1 

178 

44 ! 

328 

80 

Sodium diethyl- 

10 min. 

402 

11.4 

97 i 

280 

70 

375 

93 

dithio- 

24 hrs. 

396 

0 

100 

100 

25 

358 

90 

carbamate 

72 " 

384 

0 

100 

45 

12 

350 

91 

Potassium ethyl 

10 min. 

411 

55 

87 

379 

79 

402 

98 

xanthate 

24 hrs. 

406 

48 

88 

271 

55 

388 

96 


72 “ 

392 

44 

89 

228 

47 

370 

94 


of the inactivating reagent with the enzyme in the absence of cupric ion 
produces some irreversible inactivation. 

^ The presence of gelatin in the reaction mixture did not exert an}’’ qualita- 
tive influence on the degree of inactivation and reactivation; however, the 
oxygen uptake was less in the absence of gelatin. 

As can be seen from Table II, addition of cupric ions gives considerably 
more reactivation than any of the other metal ions employed. Ferric and 
cobaltous ions cause little reactivation except in the case in which the 
enzyme was inactivated by sodium diethyldithiocarbamate. Manganous 
ions produced some reactivation when the buffer medium was phosphate- 
citrate, but in the acetate buffer no reactivation was observed. 
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Potassium ethyl xanthatc and sodium dicthyldithiocarbamatc gave about 
the same amount of inactivation in the presence of cither phosphate-citrate 
or acetate buffer; however, potassium cj'anide did not produce sufficient 
inactivation in the presence of acetate buffer and a larger quantity (0.3 mg. 

Table II 

Rcaclivalion of Inactivated Calceholasc hij Various Metal Ions 
E. = cnzj'me (catecholnsc), A. = inactivating agent. Tlic oxygen uptake is 
given in c.mm. for a run of a half liour duration. The per cent reactivation is cal- 
culated on the basis of the amount of activity which still remains after inactivation, 
and not on the total amount of activity. When no reactivation or further inactiva- 
tion occurs upon the addition of a metal ion, the per cent reactivation is given as zero. 


Inactivating agent 

Solution tested 

In phosphate*citratc bufler 

In acetate buffer 

Oxygen 

uptake 



Ox>'gen 

uptake 

Per cent 
inac- 
tivation 

Per cent 
reac- 
tivation 

Sodium di- 

E. 

390 



373 



ethyldithio- 

-f A. 

S 

98 


0 

100 ' 


earbnmnto. 

" + “ + Cu++ 

265 

i 

68 

242 


63 

0.1 mg. 

'■ -t- " -f- Fe«-^- 

OS 


25 

60 


16 


“ + “ -b Co++ 

172 


44 

149 


40 


" -b “ Mn++ 

209 


54 

0 


0 

Potassium 

(( 

393 



349 



ethyl 

“ -b A. 

61 

87 


35 

90 


xanthate. 

“ -b “ -b Cu++ 

323 


09 

252 


62 

0.1 mg. 

“ -b “ -b Fc+++ 

51 


0 

16 


0 


“ -b “ -b Co++ 

45 


0 

103 


19 


" -b “ -b Mn++ 

194 


36 

31 


0 

Potassium 

(1 

387 



370 



cyanide. 

“ -b A. 

38 

90 


227 

39 


0.1 mg. 

“ -b “ -b Cu++ 

307 


71 

270 


12 


" -b " -b Fe+++ 

60 


6 

179 


0 


“ -b “ -b Co++ 

69 


8 

268 


11 


“ -b “ -b Mn++ 

172 


35 

261 


9 

Potassium 

ft 




368 



cyanide. 

“ -b A. 




27 

93 


0.3 mg. 

“ -b “ -b Cu++ 




261 


64 


“ + “ -b Fe+++ 




74 


13 


“ -b " -b Co++ 




85 


16 


“ -b “ -b Mn++ 




33 


0 


in place of 0.1 mg.) of potassium cyanide had to be used in the presence of 
that buffer. This is probably a pH effect (the pH of acetate buffer is 5.9 
and that of phosphate-citrate is 6.5), since it was observed that less inactiva- 
tion was produced by potassium cyanide when a phosphate-citrate buffer 
of lower pH was used. 
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From the obser\’ations reported in this paper and those of other investi- 
gators, it appears that the tyrosinase molecule may be considered as being 
composed of a more or less separable metallic component, copper, which is 
bound presumably by coordinate bonds to a protein of specific nature. 
The copper part of the molecule is probably the chief “anchoring” group. 
The “fixing” of the free bonds of the copper part of the enzj'me b3’' the ad- 
dition of certain reagents leads to inactivation. The liberation of these 
bonds by the addition of certain metal ions, especially cupric, leads to 
reactivation. It is probable that the linkages between cupric ion and these 
reagents are less dissociable than the linkages between these reagents and 
the other metal ions. It is unlikely that any loss in activity and its re- 
versal are due to first reduction and then oxidation of the cupric part of the 
molecule. The irreversible inactivation which appears on standing may 
be caused by the action of the reagents on the protein portion of the 
molecule. 


SUMMARY 

Potassium cyanide, sodium diethjddithiocarbamate, and potassium 
ethyl xanthate were found to mhibit catecholase activity. 

Addition of various metal ions indicated that cupric ions gave the great- 
est percentage of reactivation. 

The longer the period of time which elapses between the addition of 
inactivating agent and addition of cupric ions, the smaller the amount of 
reactivation. 

The significance of these findings in relation to the chemical structure of 
the enzyme, catecholase, has been discussed. 
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BLOOD CHANGES FOLLOWING GLUCOSE, LACTATE, AND 
PYRUVATE INJECTIONS IN MAN* 

Bt ERNEST BUEDING and WALTER GOLDFARB 

{From the Psychiatric Division, Bellevue Hospital, and the Departments of Medicine and 
Chemistry, New York University College of Medicine, New York) 

(Received for publication, October 13, 1942) 

The metabolism of pyruvic acid has been extensively investigated in 
vitro, but few studies have been made in vivo. It has been shown that 
pyruvate can be converted to glucose in the rabbit (1) and to lactate in 
the rabbit and the dog (1-5). Furthermore, injected pyruvate disappears 
rapidly from the blood in the dog (5) and the rabbit (2). The injection 
or ingestion of glucose is followed a rise in the blood pyruvate in the 
dog (5) and in man (6). In the present experiments we have attempted 
to estimate the interrelationship of intravenously injected glucose, lac- 
tate, and pjouvate in humans, and the effect of insulin on some of these 
reactions. 

EXPERIMENTAL 

Male subjects for these studies were chosen from the wards of the 
Psychiatric Division of Bellevue Hospital; in these subjects (unless 
otherwise noted) the complaint consisted of some situational difficulty, 
and there was no emdence of physical disorder. Their ages varied between 
19 and 37 years, and weight between 63 and 72 kilos. The study was 
started 18 hours after the last meal and after at least ^ hour of rest in bed. 
The blood was drarni into a syringe containing sufficient iodoacetate to 
make a 1 per cent solution, delivered into sampling bottles containing 
sufficient fluoride and oxalate to make a 1 per cent and a 0.2 per cent 
solution respectively, and precipitated immediately. All determinations 
were corrected for the dilution by the iodoacetate solution. Various 
quantities of glucose, sodium dWactate, sodium d-lactate, and sodium 
pyruvate were injected intravenously. The blood samples taken at 
intervals were precipitated ivith trichloroacetic acid for the determina- 
tions of pyruvic acid and bisulfite-binding substances, and with zinc sulfate 
and sodium hydroxide (7) for the determination of lactic acid and glucose. 
Alethods for the analysis of glucose, pyrumc acid, lactic acid, and bisulfite- 
binding substances (B. B. S.) were the same as those described in previous 
publications (6, 8). The values for non-pyruvic acid B. B. S. were ob- 
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taincd by subtracting the mg. per cent of pyruvic acid obtained with the 
hydrazone method from the total B. B. S. (expressed as mg. per cent of 
pyruvic acid). 

JtcsrtUs 

Following the administration of 15 gm. of glucose to eight subjects, 
there was a slight rise of both lactic acid and pyiuvic acid in the blood. 
The increases were sufficiently large to be significant with the methods 
used. Similar experiments were then performed on twenty subjects nith 
100 gm. of glucose. The increase in lactate and pj’nivatc in these cases 
was at least twice the change observed in the patients given 15 gm. of 
glucose (Table I). The maximum rise in both lactic and pyruvic acids 
occurred at between 30 and 45 minutes. The sustained elevation of 
pyruvic acid after glucose injection should be noted, since injected pyruvic 
acid disappears rapidly from the blood in vivo. It is therefore probable 
that there is a continuous large production of pyruvate to maintain the 
elevated pyruvate levels in the blood. The rise in lactate and pynivate 
after glucose injection was associated with no significant change in the 
pyruvate-lactate ratio. This is in agreement with the recent findings of 
Stotz and Besscy (9). The urine contained from G to 18 per cent of the 
injected glucose. 

A similar study was made on ten subjects who received 100 gm. of glucose 
and insulin intravenously. The average increase in blood pymvate was 
not significantlj'’ different from that observed in the twenty subjects who 
had received 100 gm. of glucose without insulin (Table I). This is in 
contrast to observations on diabetic dogs (10) and subjects (11) in which 
insulin produced a marked rise in blood pyruvate after a single glucose 
administration. It is suggested that the failure of insulin to produce a 
further rise in blood pyruvate in normal subjects is due to the marked fall 
in blood sugar which occurs, and effectively removes glucose for oxidation. 
This fall in blood sugar after insulin administration might be part!}' 
brought about either by increased glycogenesis in the muscle or by de- 
creased glycogenolysis in the liver or by both. 

When an intravenous injection of 50 to 100 gm. of glucose was followed 
by a continuous infusion of a 10 per cent glucose solution in saline (60 
to 100 gm. of glucose per hour), a sustained rise in blood pjunvate occurred, 
reaching a constant level within 30 minutes. The intravenous injection 
{ various doses of insulin after 1 to 1|^ hours of glucose infusion pro- 
uced a further rise in blood pyruvate (Fig. 1). This was probably due 
to the ample supi)lies of glucose available for oxidation. 

The rcsult.s after the intravenous injection of 18.8 gm. of racemic sodium 
lactate (12 per cent solution) arc presented in Table II. It may be seen 
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Table I 


Changes in Blood Pynwic and Lactic Acids after Intraecnous Injection of 100 Gm. of 

Glucose 

The results arc expressed in nig. per cent. 


Subject No. 

Omio. 

15 mm. 

50 mis. 

45 mtn. 

60 min. 

90 min. 

Glucose 

Average change (20 
subjects) 

Average change after 


1 

+382 

+254 

+227 

+129 

+41 

glucose 4- M units 
insulin (10 subjects) 


+352 

+141 

+32 

4"S 1 

-22 


Pyruvic acid 


1 


1.44 

m 

1.69 

1.74 

1.77 

2 





1.75 

1.37 

3 



2.04 

1.96 

1.86 

1.39 

4 


1.25 

1.62 


1.54 


5 


1.64 

1.74 


1.96 

1.33 

6 

1.19 

1.37 

1.56 

1.86 

1.69 

1.70 

7 

0,80 

0.96 

1.08 

1,23 

1.20 

1.06 

8 

0.93 

1.45 

1.86 

1.66 

1.45 

1.30 

9 

0.92 

1.01 

1.50 

1.66 

1.64 

1.07 

10 

0.78 

1.04 

1.31 


1.37 

0.90 

11 

l.IO 


1.58 

2.20 

1.46 

1.43 

12 

0.74 


1.62 

1.52 

1.33 

0.93 

13 

0.76 


0.82 

1.18 

1.02 

0.92 

14 

0.68 


1.23 

1.29 

1.15 

0.99 

15 

0.78 


1.47 

1.37 

1.82 

1.44 

16 

1.14 


1.39 


1.70 

1.15 

17 

1.04 


1.59 

1.62 

1.62 

1.05 

18 

1.00 


1.31 

1.26 

1.26 

1.09 

19 

1.10 


1.29 

1.49 

1.50 

1.07 

20 

0.90 


1.63 

1.51 

1.57 

1.32 

Average change 


+0.34 

+0.57 

+0.64 

+0.64 

+0.31 

" “ after 







glucose + 20 units 







insulin (10 subjects) 


+0.59 

+0.62 

+0.54 

+0.54 

+0.18 


Lactic acid 


1 

2 

3 

4 

8.7 

5.3 

9.3 
8.5 

12,0 

10.9 

■ 

13.6 

16.4 

17.5 

11.6 
13.1 
15.5 

' 19.4 

8.5 
10.4 

Average change 


+2,9 

+5.5 

+6.0 

+6.5 

+4.9 
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Fig. 1. Blood pyruvate and glucose curves after intravenous glucose injection 
immediately followed by glucose infusion. Abscissas, time in minutes after start of 
infusion; ordinates, increase in blood pyruvic acid and glucose (in mg. per cent) over 
the initial level. The arrows indicate the time at which various units of insulin were 
injected intravenously. Curves 1 (with insulin) and 7 (without insulin) represent 
observations on the same subject. The amounts of glucose given first by single 
injection and then during the infusion, respectively, were as follows: Curve 1, 100 
gm., 100 gm. per hour; Curve 2, 100 gm., 120 gm. per hour; Curve 3, 50 gm., 60 gm. per 
hour; Curve 4, 60 gm., 90 gm. per hour; Curve 5, 100 gm., 120 gm. per hour; Curve 6, 
50 gra., SO gm. per hour; Curve 7, 100 gm., 100 gm. per hour; Curve S, 75 gm., 100 gm. 
per hour; Curve 9, 75 gm., 100 gm. per hour. 
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Table II 

Blood Lactic and Pyrtwic Acids after Injection of 18.8 Gm. of Sodium Lactate 

Intravenoutly 


The results are expressed in mg. per cent. 


Sobject No. 

Oraio. 

5niln. 

1 JOtnio. 

IS mia. 

i . 1 

30 min. { 

60rnln. 

120 min. 


Sodium dt-lactate 
Lactic acid 


1 

7.0 



56.5 

35.7 

23.4 

7.9 

2 

6.4 

52.9 

41.7 

35.6 

28.8 

16.5 

5.7 

3 

7.9 


58.1 

48.9 

28.0 

18.6 

8.4 

4 

6.7 

65.6 



30.4 

18.8 

6.7 

5 

6.2 

47. S 

42.5 

45.3 

35.6 i 

21.4 j 

7.5 

Average change 


+48.9 


+39.7 

+24.9 

+12.9 

+0.4 


Pyruvic acid 


1 

1.01 i 



1.72 

1.46 

1.50 

0.93 

2 

msm 

1.78 

1.68 

1.11 

1.05 

1.04 

0.85 

3 


1 

2.00 

2.03 

1.69 

1.38 

1.06 

4 

mm 


2.08 

2.09 

1.77 

1.61 

1.05 

5 

0.98 

1.S4 

1.75 

1.66 

1.43 

1.22 

0.90 

6 

1.04 


1.68 

1.58 




7 


1.62 

1.50 

1.41 




Average change j 


+0.88 

+0.85 




-0.03 


Sodium d-lactate 
Lactic acid 


1 

2 

3 ' 

4 

6.5 

7.7 

6.3 1 

6.3 

50.0 

58.3 

51.6 

53.6 

38.8 

34.3 

38.8 

32.1 
32.0 
29.8 

35.2 

21.5 
20.2 

18.6 
21.8 

12.0 
13.9 
10.2 j 
10,1 

8.5 

7.6 
6.9 

Average change 


+46.7 




+4.9 

+0.9 


Pyruvic acid 


1 

2 

3 

4 

1.08 

0.85 

1.01 

0.94 

3.02 

2.59 

2.31 

2.61 

2.36 

2.48 

2.29 

2.60 

2.55 

2.44 

2.18 

2.36 


1.35 

1.47 

1.39 

1.30 

1.02 

1.09 



+1.66 

+1.44 

+1.41 

+0.93 




that there was a marked rise of p 3 rruvic acid in the blood with a peak at 
5 minutes after the injection. The rise in pyruvic acid e.xceeded that 
observed with both the 15 and 100 gm. doses of glucose. The excretion 
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in the urine of lactic acid varied from 7 to 11.5 per cent, with an average 
of 9.6 per cent of the injected lactate. 

In vie^v of the fact that the ph3'6iologically active form of lactate in the 
bodj" is the d form (12, 13), we have made observations on the glucose and 
pjTUvic acid concentrations of the blood after injection of 18.8 gm. of sodium 
d-lactate (12 per cent solution). The sodium d-lactate was prepared 
from zinc d-lactate (Eastman Kodak) (14). It may be seen (Table II) 
that the rise in blood pyruvate rvas about twice as great as that following 
the injection of the same amount of racemic lactate. The maximum 
rise in pj^ruvate occurred again at 5 minutes. Flock ct al. (5) found a rise 
of pjTuvate after lactate injection. This increase apparently was not 
considered significant. However, sodium lactate appears to be more 
readily converted into pyruvate than glucose, since the injection of 100 
gm. of glucose did not increase the blood pj'ruvate as much as the 18.8 
gm. of d-lactate did. There was no change in the blood glucose concentra- 
tion after lactate injection. The rate of disappearance of the d-lactate 
from the blood exceeded that obsenmd with raeemic lactate. After the 
injection of 18.8 gm. of racemic sodium lactate, at least 3 times as much 
lactic acid is excreted in the urine (8 to 11.6 per cent of the amount in- 
jected) as after injection of the same quantity of d-lactate (2 to 3 per cent 
of the amount injected). These obseiwations indicate again the more 
ready availability of the d form (12, 13). 

Observations were made on glucose, lactate, pyruvate, and B. B. S. 
after injections of 18.8 gm. of sodium pj>TUvate (12 per cent solution) 
prepared according to Lu (15) immediatelj' before injection. The subjects 
consisted of three non-psychotic and four schizophrenic patients. The 
injected pyruvate disappears much faster from the blood than the same 
amount of injected lactate (Table III). There was an increase in blood 
lactate (Table III) which reached a peak 4 minutes after the injection 
was terminated and was sustained for 45 minutes. The rise in lactate far 
exceeded that observed after the injection of glucose (Table I). It should 
be noted that human blood can convert pyruvate to lactate in vitro (16, 8). 
The non-pyruvic acid B. B. S. were increased during the first 45 minutes after 
the injection. This confirms earlier e\ddence (17, 2) that pyruvic acid is 
partially converted into other carbonyl compounds in vivo. This con- 
version does not take place in human blood in vitro (8). Onlj’’ 3 to 4 per 
cent of either pyruvate (2 to 3 per cent) or lactate (1 to 1.5 per cent) was 
excreted in the urine. No change in blood sugar w'as observed. The 
four schizophrenic patients were treated bj"- insulin shock and injections 
w'cre made during deep coma. In order to eliminate the factor of muscular 
exercise, patients were chosen who went into shock quietly -without strug- 
gling. It may be seen that the changes in pyruvate, B. B. S., and lactate 
were essentially the same. The rate of removal of injected pjauvate is 
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Table HI 

Blood Changes after Inlravemus Injection of 18.8 Gm. of Sodium Ptjruvalc 


The results arc expressed in mg. per cent. 


Subject No. 

0 znln. 

Middle cl 
injection 

4 mm. 

to min. 

45 min. 

90 min. 

Pyruvic acid 

1 

119 

16.1 



2.86 

1.20 

2 


17.8 


12.4 

1.80 

1.28 

3 

1.00 

27.2 


16.9 

2.95 

1.75 

4 

1.14 

32.6 

24.7 

6.70 

4.52 

2.17 

5 

1.10 

22.7 

13.2 

8.20 

1.95 

1.12 

e 

0.92 


13.0 

4.82 

2.02 


7 

1.03 

11.0 


4.62 

1.88 


Average change 


+20.2 

+15.8 

+7.9 

+1.53 


Lactic acid 

1 

10.2 

11.5 

14.4 


10.0 

1 8.2 

2 

G.5 

U.O 

; 20.5 

21.1 

9.8 

1 6.6 

3 

6.0 

11 .0 

19.4 

■SSI 

11.1 

7.6 

4 

9.1 

11.4 

16.2 

99 

13.9 

i 9.2 

5 


9.2 

17.5 

981 

- 0.8 

6.1 

6 



13.0 

99 

7.5 


7 


8.2 


99 

10.4 


Average change 


+2.7 

+9.1 

+10.4 

+2.8 

0.0 

B. B. S. other than pyruvic acid 

1 

3.08 

9.50 

9.3 


5.06 

4.34 

2 

4.78 

7.9 

6.1 

6.5 

4.63 

4.47 

3 

3.68 

7.2 

9.6 

9.8 

6.79 

4.17 

4 

4.44 

8.0 

13.6 

10.7 

6.0 

7.1 

5 

4.38 

12.8 

7.6 

4.9 

6.1 

4.6 

6 

■ 3.02 


8.0 

6.0 

5.7 

3.9 

7 

4.04 

6.7 


6.3 

4.7 


Average change 


+4.5 

+5.1 

+3.3 

+1.7 

+0.9 

Average change in insulin shock {4 subjeots) 

Pyruvic acid 


+21.7 

+15.9 

+6.7 

+1.08 

1 +0.42 

I*actic “ 


+2.1 

+8.1 

+10.9 

j +2.0 

1 +0.2 

is. b. other than pyruvic neicl 

+5.2 

+G.3 

+4.6 

i +1.2 

1 'fO-2 


therefore the saine reftardless of whether instilin is absent. (10) or jrre.sont 
in either noimal or cxccs.sivc amounts. In .six additional .‘■ehizoplucnic 
patients undergoing insulin shock treatment, blood pyruvate showed, in 
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agreement -with observations of Elliott cl al. (18), no change during the 
shock despite the fact that the blood sugar fell to levels below 20 mg. 
per cent. 

SUMMAKY 

1. In human subjects, a single injection of glucose was followed by a 
rise in pyruvic and lactic acids in the blood, which returned to the normal 
levels in about 2 hours. A continuous infusion of glucose produced a rise 
in blood pyruvate which was sustained as long as the infusion was con- 
tinued. Insulin had no effect on the pyruvic acid curves after a single 
glucose injection, but produced a further rise in the pyruvic acid level 
during continuous glucose infusion. 

2. When either sodium dMactatc or sodium d-lactatc was injected, a rise 
in blood pj’^ruvic acid occurred. The rise in pyruvate was greater with 
sodium d-lactate. 

3. Pyruvate injection produced a rise in blood lactate and carbonyl 
compounds other than pyruvic acid. Injected pyruvate di.sappcared more 
rapidly from the blood than the same amount of rf-lactate. These changes 
were not affected by the injection of largo amounts of insulin. 

4. No changes in the glucose content of the blood after either pyruvate 
or lactate injections were observed. 
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THE PREPAEATION OF HEXOSE DIPHOSPHATE, HEXOSE 
MONOPHOSPHATE, AND PHOSPHOGLYCERIC ACID* 

Br K. P. DdBOIS akd V. R. POTTER 

(From the UcArdle Memorial Laboratory, Medical School, Vnivereily of Wiseonein, 

Madison) 

(Received for publication, October 27, 1942) 

In order to study the isolated component reactions of the glycolytic 
scheme, it is necessarj' to have available in pure form the phosphorylated 
intermediates involved in these reactions. The present paper describes 
the preparation of hexose diphosphate, hexose monophosphate, and phos- 
phoglyceric acid by a method which has two advantages: (1) all three 
compounds are prepared from a single fermenting mixture and (2) fresh 
yeast is employed, thus eliminating the uncertainties of dried yeast pre- 
parations and Lebedev extracts, in addition to eliminatmg considerable 
unnecessarj’’ manipulation and testing of extracts. So far as we are aware, 
there have been no methods published for the preparation of the hexose 
phosphates from fresh yeast. 

The method most commonly used for the preparation of hexose diphos- 
phate and hexose monophosphate has been that of Robison and Morgan (1) 
as modified by Warburg and Christian (2). This method involves the use 
of Lebedev extract, which has been consistently used as the source of the 
phosphorylating enzymes by various workers. The fact that an inactive 
Ijebedev extract is frequently obtained has been the cause of considerable 
difiiculty. Since the preparation of the aqueous extracts from the same 
dried yeast sample on successive days often yields extracts of rvidely dif- 
ferent fermenting ability, it is possible that investigators have discarded an 
active yeast because of their inability to obtain an active e.xtract. The 
precautions which must be taken in drying the yeast in order to obtain the 
proper amount of autolysis of the yeast cells also suggested the desirability 
of elimination of these steps by using fresh yeast. 

Neuberg and Kobel (3) have described a method for the preparation 
of 3-phosphoglyceric acid with dried yeast autolyzed for 3^ hours. Vercel- 
lone and Neuberg (4) found that fresh jmast treated with toluene could be 
substituted for dried 5 mast. Thej' catalyzed the phosphorylation process 
by the addition of a 3 per cent solution of hexose diphosphate, used fluoride 
to stop the further breakdowm of phosphoglyceric acid, and used acetal- 
dehyde as the hydrogen acceptor so that phosphoglyceraldehyde was 
converted to phosphoglyceric acid. Ostem and Guthke (5) found that the 
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addition of hexosc diphosphate was unnecessary, provided they allowed a 
preliminary phosphorjdating period. 

By analytically determining the concentrations of the three esters through- 
out the incubation period in a mixture similar to that used by Ostem and 
Guthke (5) and by varying the conditions in order to obtain a maximum 
yield of each of the three esters, we have been able to prepare hexose diphos- 
phate, hexose monophosphate, and phosphoglj'ccric acid from the .same 
yeast-fermenting mixture, which is prepared with fresh j’east and is there- 
fore more easily reproduced. Experiments with both dried yeast and 
Lebedev extracts were carried out, and, although highly active extracts 
were obtained, the results were no better than with fresh yeast. 

Method 

Bottom yeast* was w'ashed four or five times with cold distilled water 
by decantation until the supernatant liquid was clear. The final super- 
natant liquid was decanted off, and the yeast was filtered through Filter 
Cel on a Buchner funnel. The resulting pressed yeast was stored at 
0°. The moisture content w’as about 75 per cent. 

For the preparation of the phosphorus esters, 100 gm. of fresh yeast were 
mixed with 12.5 cc. of 10 per cent glucose (both c.p. glucose and commercial 
cerelose were used) and allow'cd to stand 15 minutes at 37°. Next, 150 
cc. of 40 per cent glucose and 150 cc. of 0.67 m NajHPOi + NaHsPOi 
buffer at pH 7.0 w'ere added and the mixture was allowed to stand at 37° 
for 40 minutes. We found that pH 7.0 was optimum. Then 12.5 cc. of 
toluene were added and the mixture was allowed to stand at 37° for 3 hours 
with frequent stirring and at the end of the 3 hour period 12.5 cc. of 0.5 M 
fluoride were added. In measuring the concentration of hexose diphosphate 
at various periods of time, we noted that its concentration decreased in 
about 10 hours after the addition of fluoride. Tliis decrease could be elimi- 
nated if more glucose and phosphate were added ; therefore, we added onc- 
half the original quantity of phosphate and glucose after the addition of 
fluoride. The mixture was then allowed to stand 12 to 20 hours at room 
temperature. The concentration of each of the esters was measured at 
various intervals during the fermentation period in order to determine the 
time when a maximum concentration of each of the desired esters occurred. 
We found, as shown in Fig. 1, that the three esters should be isolated be- 
tween 12 and 24 hours after the beginning of the incubation period. 

A quantity of 100 per cent trichloroacetic acid equal to 4 per cent of the 
total volume was then added and, after standing for 20 minutes at 0°, 

* The yeast was furnished by the Fauerbach Brewing Company, Madison, 
Wisconsin. 
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the mixture was centrifuged. The toluene adhered to the precipitate, 
which was discarded. 

Robison and Morgan (1) experienced difficulty in separating hexose 
diphosphate from a crude precipitate containing much inorganic phosphorus, 
because the solubility of barium hexose diphosphate was much decreased 
in the presence of inorganic phosphorus. We eliminated this possible dif- 
ficulty by remoidng the inorganic phosphorus as magnesium ammonium 
phosphate. The supernatant solution was made alkaline by addition of 
ammonium hj'droxide, and magnesium acetate was carefully added until 
no more precipitate was formed. The precipitate of magnesium ammonium 



Tig. 1. Rate of formation of phosphorus esters by toluene-treated yeast. Curve 
A, phosphoglyccric acid; Curve B, hexose diphosphate; Curve C, hexose mono- 
phosphate. 


phosphate was filtered off and discarded. Barium acetate equal to the 
weight of sodium phosphate used was added, and the pH was adjusted to 
8.4 with Ba(OH)j. This precipitate, which we refer to as Precipitate 1, 
was centrifuged down, washed with alcohol and then with acetone, and 
dried. It consisted chiefly of barium phosphoglyccric acid and barium 
hexose diphosphate. 

Since barium hexose diphosphate is soluble to the extent of 1 gm. in 200 
cc. of solution, it is not completely precipitated by the first barium acetate 
reatment. If alcohol is added in a quantity equal to 10 per cent of the 
otal volume of liquid, then the remaining barium hexose diphosphate is 
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precipitated (1). Tliis precipitate was washed with alcoliol, then with 
acetone, and dried in a vacuum desiccator. This precipitate is referred 
to as Precipitate 2. 

Hexose monophosphate forms a soluble barium salt and therefore re- 
quires special treatment for its separation. For its isolation, the procedure 
of Robison and Morgan (1) as modified bj" Warburg and Christian (2) 
was used. To the supernatant from Precipitate 2, 100 cc. of solution of 
lead subacetate, u.s.r., were added. The lead precipitate was centrifuged 
down and washed with water. It was decomposed with hydrogen sulfide, 
and the lead sulfide was then filtered off and again treated with hydrogen 
sulfide. The combined filtrates were aerated thoroughly, then treated with 
barium hydroxide to pH 8.4, and the small precipitate which formed was 
filtered off and discarded. The filtrate which contained the barium hc.xose 
monophosphate was poured into twice its volume of alcohol. The pre- 
cipitate was centrifuged down, wa.shcd with alcohol, then with acetone, 
and dried in a vacuum desiccator. This is referred to as Precipitate 3. 

Separation of Compounds in Crude Precipitates — Since we desired to 
isolate the three esters from the same fermentation mixture, it was necessary 
to precipitate the pho.sphoglyccric acid and the hexose diphosphate to- 
gether and then separate them by fractional solubility. Warburg and 
(Ihi’i.stian (G) have dc'seribed a method for .sci)aration of hexose diphosphate 
and i)ho.sjihogly('('ric acid in which the hexose diphos])hate is hj'drolyzed. 
This mcthotl wuis not applicabh' here, however, because we desired to isolate 
both of the compound.s. 

Cfi'ude Prcci]ntate 1 was freed from hexose monoijho.sjrhatc by triturating 
it with 5 times its weight of water. The remaining precipitate was dried 
and then triturated with 200 times its weight of water at pH 8.4 (1). The 
barium hexose diphosphate was thus dissolved. To the solution of bariunr 
hexose diphosphate was added a quantity of alcohol equal to 10 per cent 
of the total volume (1). The barium hexose diphosphate thus precipitated 
was centrifuged down, washed with alcohol and then with acetone, dried, 
and later combined with the he.xose diphosphate from crude Precipitate 2. 

The remainder of the crude Precipitate 1 contained the barium phospho- 
glyceric acid. This precipitate was dissolved in dilute hydrochloric acid, 
and dilute sulfuric acid rvas then added to remove all of the barium. 
Ammonium hydroxide was then added until the mixture was alkaline, and 
magnesium acetate was added until no further precipitate formed. Any 
inorganic phosphorus which might be present w'as thus removed (3-5) • 
After the filtrate was neutralized with glacial acetic acid, 15 cc. of glacial 
acetic acid and 12 gm. of barium acetate were added. The small pre- 
cipitate which formed immediately was filtered off and discarded. The 
filtrate was treated with an equal volume of alcohol and allowed to stand 



K. P. DUBOIS AND V. K. POTTER 


45 


for 24 hours at 0°. The precipitate was filtered off, washed wth water, 
and treated with 2 n HCl to pH 3 to 5. The insoluble portion was filtered 
off, washed with alcohol, then i\ith acetone, and dried in a vacuum desiccator, 
yielding 3 gm. of phosphoglyceric acid with a purity of 98 per cent based 
on total phosphorus analyses. After 100 minutes hydrolysis, no inorganic 
phosphate appeared, indicating absence of hexose diphosphate. 

Crude Precipitate 2 was triturated with 5 times its weight of ivatcr to 
dissolve the he.xose monophosphate. The remaining precipitate, after 
drying, was triturated -with 200 times its weight of water, and a quantity 
of alcohol equal to 10 per cent of the total volume of liquid was added. 
The solution was heated to 70° and filtered hot. The precipitate of barium 
hexose diphosphate was washed with alcohol, then with acetone, and dried. 
After the material was combined with the hexose diphosphate from Pre- 
cipitate 1 and reprecipitated, the purity was 92 per cent, as estimated by 
determining spectrophotometrically the quantity of fructose present accord- 
ing to Roe’s modification (7) of the Seliwanoff test. When organic phos- 
phorus was calculated as hexose diphosphate, the purity w'as 95 per cent. 

Crude Precipitate 3 w'as triturated with 5 times its weight of water, and 
the solution wns added to twice its volume of alcohol. The barium hexose 
monophosphate was centrifuged dowm, w'ashed with alcohol, then with 
acetone, and dried rapidly in a vacuum desiccator. The calcium salt w'as 
prepared according to the procedure of Warburg and Christian (2). The 
yield was 2 gm. of the barium salt which w’as 85 per cent pure. The purity 
increased to 97 per cent after reprecipitation from alcohol. 

The sodium salts may be prepared bj’’ adding the calculated quantitj’’ 
of sodium sulfate to an acid solution of the barium salts. 


SUMMARY 

1. Existing methods for the preparation of hexose diphosphate, hexose 
monophosphate, and phosphoglyceric acid have been combined with the 
necessary modifications for separation of all three of the compounds from 
one j'east fermentation mixture. 

2. Toluene-treated fresh brewers’ yeast, instead of the usual Ixsbedcv 
extract, was used as the source of the fermenting enzymes. 


Addendum — Neuberg and Lustig (8) have just published a simplified method for 
tne preparation of calcium hexose diphosphate by which the uncertainties of dried 
Jeast or Lebedev extract are also eliminated and in which fresh bakers’ yeast is 
used. 
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(Received for publication, November 3, 1942) 

The interesting discovery that molds elaborate substances that are 
capable of inhibiting the growth of certain bacteria has recently stimulated 
extensive mvestigation of these phenomena. 

In 1929 Fleming (4) reported the presence of an antibacterial substance 
which he called penicillin in culture media of a strain of PenicilKum notalum. 
This material could be extracted from a concentrate with absolute alcohol 
but not with ether or chloroform. Clutterbuck, Lovell, and Raistrick (5) 
fomd that penicillin was completely extracted with ether at pH 2 but only 
partly at pH 7.2. These workers attributed Fleming’s negative results 
with ether extraction to the fact that his filtrates were alkaline in reaction. 

Recently, Abraham el al. (1, 2) obtained a purified antibacterial substance 
from culture media of tlus mold which was an acid containing nitrogen 
soluble in ether, acetone, am}'! acetate, and chloroform. Meyer el al. 
(6) have prepared a potent chloroform-soluble acid which also contains 
nitrogen. It has been assumed that these investigators have been dealing 
with the same material characterized by its solubility in organic solvents. 

In this communication we wish to report an antibacterial substance, 
pemcillin B, produced by PeniciUium notalum, which is insoluble in lipid 
solvents but readily separated from the culture medium by adsorption on 
hcMoic acid. Upon purification the substance appears to have the prop- 
erties of a protein and is highly effective in vitro against both Gram-nega- 
tive and Gram-positive organisms. The purest preparation obtained to 
&te is a light yellow powder soluble in water but not in fat solvents. It 
IS stable when dry and moderately stable in solution in the pH range 2.5 
to 8. 

For coavenience we shall refer to our product as pemcillin B to differentiate it 
rom the product obtained by Abraham et al. (1,2) which we shall call penicillin A. 

hough penicillin B may be similar to "penatin” reported by Kocholaty (3), the 
a sence of a discussion of its chemical properties prevents a comparison of the two 
products. 

t Lalor Foundation Fellow, 1942-43. 
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Production of Penicillin B 

Organism Eviploijcd — Three cJifTerciit strains of Pcnicillium nolalum 
which had their origin in tlie strain isolated by Fleming in 1929 were studied 
in this work. The capacities of those strains to produce antibacterial 
substances were compared and found to differ only very slightly. The 
majority of the investigations herein reported have been carried out on the 
culture fluids resulting from the growth of a single strain chosen from the 
above tlmee. 

Medixm — The medium which we emjiloy is that suggested by Clutter- 
buck, Lovell, and Raistrick (5). This is a modification of the Czapek-Dox 
medium and has the following composition: NaNOj 3.0, KHsPOi 1.0, 
KCl 0.5, MgS 04 - 7 H 20 0.5, FeSO^-TlLO 0.01, and glucose 40.0 gm., and 
HqO in a quantit}’^ sufficient to make 1000 ml. From 1500 to 2000 ml. of 
this solution are placed in Erlenmeycr flasks of 2 or 3 liters capacity. These 
are plugged with non-absorbent cotton and sterilized in the autoclave at 
15 pounds of steam pressure for 1 hour. After sterilization the pH of this 
medium is 4.5. 

Pyrex baking dishes having internal dimensions of 12 X 7.5 X 2 inches 
serve as culture vessels. Those trays arc covered with plain glass lids 
which extend beyond the edges of the vessels. The trays (with lids in 
place) are sterilized in the hot air oven at 165° for LI hours. Upon cooling, 
they are removed to the incubation room and charged with the sterile 
medium, each vessel receiving a quantity of approximately 800 ml. 

The inoculum is prepared from young sporulating cultures of Penicilhum 
notatxm on slants of Sabouraud’s maltose agar by flooding the surface 
growth with sterile Clutterbuck’s medium and emulsifying the spores to- 
gether with some of the vegetative portions of the plant by means of a sterile 
platinum loop. This suspension is removed with a pipette and added to 
the sterile medium in the culture dishes in appropriate amounts. In- 
cubation is carried out in a specially constructed room at a temperature 
of 24°. 

The development of the mold culture is followed from daj"^ to day by 
observing the character of the surface growth, and by determining the pH 
and antibacterial potency of the underlying medium. All pH determina- 
tions are carried out clectrometrically and the potenc.y tests are performed 
as described in a later section of this report. Usually a thin surface felt 
of mold mycelium forms during the fust 2 or 3 days of incubation and the 
reaction of the culture fluid becomes more acidic. The mycelium continues 
to develop rapidly until the 4th or 5th day, at which time it is thick, tough, 
and usuallj'' shows abundant sporulation. At this time the hydrogen ion 
concentration attains a maximum of aiiproximatcly pH 2 and slight anti- 
bacterial activity is demonstrable. Further altei'ations in the mycelium 



ROBERTS, CAW, MUIR, REITHEL, GABY, VAN nRlTGGRN, HOMAN, 49 
KATZMAN, JONES, DOISY 

which consist of the wrinkling of the felt and the deepening of its green color 
are detectable. After about the 5th day of incubation the hydrogen ion 
concentration decrea.ses slowly and the antibacterial potency increases 
until, at approximately the 12th day, the reaction reaches pH 4.0 and the 
fluid attains its maximal antibacterial potency, normally between 1250 and 
5000 units per ml. Continued incubation results in a decline in anti- 
bacterial potency and a steady decrease in the hydrogen ion concentration 
until neutrality is reached. 

The mold culture fluid is harvested rvhen the assays indicate that it has 
attained a high degree of potenc 3 '. Harvesting is accomplished by sliding 
the lids of the trays back slightly and pouring the liquid from beneath the 
mold felt into a carboy which is immediately removed to the refrigerator 
for processing. 

Method of Assay — ^The sample prepared and maintained at a temperature 
not exceeding 15° is diluted in accordance rvith its anticipated potency. 
The diluent used is the routine sterile Clutterbuck medium which has been 
cooled to 15° in the refrigerator. Serial dilutions in the same type of medium 
are then prepared in a series of test-tubes by mixing 1 ml. of the initial 
dilution with an equal amount of the cold sterile medium in the first tube, 
transferring 1 ml. of the mixture to 1 ml. of medium in the second tube, 
etc. The number of such dilutions prepared is in accordance \vith the 
anticipated activity of the sample. These tubes are immediatelj' placed 
in the refrigerator, w-here they remain until the inoculum is added. 

The test organism is Staphylococcus aureus (F strain). A stock culture 
of this orgamsm is maintained bj’ transfer at 14 day intervals on meat ex- 
tract-peptone agar slants. In the preparation of the inoculum, a small 
amount of such a culture is placed in 5 ml. of sterile meat extract-peptone 
broth and incubated for 4 hours at 37°. This culture is then appropriately 
diluted with the following medium (cooled to 15°) so as to result in the 
presence of from 2 to 3 million viable cells per ml., as determined by 
plate count set up at the time of dilution and read the follmving daj^: 
beef extract (Difco) 0.3, peptone (Difco) 1 .0, lactose 1 .0, and brom-cresol 
purple 0.0015 per cent. 

1 ml. of this suspension is placed immediately in each of the tubes con- 
teming the previously diluted test samples. The final reaction is pH 6.8. 
f incubated at 37° for 15 hours. Following incubation, the 

ubes are examined for the presence of visible turbidity and accompanying 
acid production as indicated bj’’ the color of the brom-cresol purple. Such 
fcadings are clear cut and distinct. 

The results are reported in terms of the number of arbitrary units of 
antibacterial material contained in 1 ml. of the original test sample. A 
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unit is considered to bo that amount of material whicli will prevent the 
development of visible turbiditj’’ and the production of acid by Staphylo- 
coccus mtreus under the above conditions. As a control, a standard sample 
of penicillin B is tested daily along with the unknown preparations. 

Purification and Properties 

Method of Preparation — Since some batches were found to lose their 
activity rather rapidly, the processing of the culture medium is started as 
soon as possible after the har\'csting. For the same reason, the entire 
procedure is carried out in the cold room. The harvested medium is filtered 
and the pH adjusted to 3.5 with 10 per cent phosphoric acid. Alcohol 
saturated with benzoic acid (50 ml. per liter of medium) is added slowly 
with adequate stirring. After the precipitated benzoic acid has settled, 
the supernatant liquid is siphoned off and the solids collected on a Buclmer 
funnel. The filter cake is washed with a volume of cold water (saturated 
with benzoic acid) approximately equal to the volume of the cake. The 
filter cake is pressed as diy as possible but not dehydrated completely, 
since this causes inactivation. Once the material is adsorbed, it is ap- 
parently quite stable for at least several days if it is kept moist and cold. 

The benzoic acid cake is then dissolved in a volume of cold acetone 
equal to twdee the volume of the alcoholic benzoic acid used. The insoluble 
material is allowed to settle out and is collected by centrifugation after 
the clear supernatant solution is siphoned off. This cmde precipitate, after 
being washed twice with acetone, may be dried in a vacuum desiccator or 
may be used directly to obtain more highly purified material. 

This crude preparation may be purified in either of two ways. First 
it may be extracted wth 3 to 4 volumes of cold water. A second e.xtraction 
usually gives only about a 10 per cent increase in the yield. To this aqueous 
extract is added ^ of a volume of cold acetone. The precipitate which forms 
is usually relatively inactive and is discarded. A second addition of the 
same volume of acetone precipitates the bulk of the activity. It is centri- 
fuged, washed with acetone, and dried in a vacuum desiccator. This is the 
purified penicillin B. 

The alternative method is to extract the crude material first with 50 
per cent acetone. This generally removes little if any of the activity. 
Two extractions are then made with 2 or 3 volumes of 30 per cent acetone, 
which usually results in the complete c.xtraction of the active material. 
The acetone concentration is increased to 50 per cent and the resulting 
precipitate is centrifuged, washed with acetone, and dried in vacuo over 
CaCb. This purified product is comparable in every way to that obtained 
by the first method. 

Thirty-five separate batches of harvested medium varj'ing in volume 
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from 15 to 115 liters have been processed by this procedure. The benzoic 
acid removes practically all of the activity from the medium; at least, 
little remains after the adsorption. However, the amount of activity 
extracted from the crude material obtained from the benzoic acid has varied 
from 10 to 100 per cent rvith an average recoverj'^ of 50 per cent. The 
purification of this crude product results in the elimination of about 90 
per cent of the solids and in the recoverj' of 50 to 100 per cent of the activity. 
The potency of purified penicillin B has ranged from 12,500 to 200,000 units 
per mg. rvith an average of about 50,000. 

Chemical Properties — ^In view of the extraordinary' potency' of our product 
in comparison vith other antibacterial agents, it seemed desirable to make a 
preliminary' survey of the chemical properties which may be of value in the 
‘ continuation of this work. This was done rrith the realization that the 
presence of impurities may be responsible for some of the reactions and that 
further purification may require revision of some of these findings. 

The dry purified preparations retained their activity for at least 5 to 6 
months. In solution between pH 3.0 and 6.8 at 25° this material is stable 
for at least a month but at pH 2 or above pH 8 at this temperature, or at 
pH 3.8 at 47°, inactivation proceeds rapidly'. 

Treatment with HjOj or Na^SOj at pH 7 or with HCN at pH 3.8 does 
not decrease the activity. However, glacial acetic acid, formic acid, con- 
centrated phthalate buffers, and alcohol in the presence of a sufficiently 
high concentration of salts, cause complete loss of potency'. 

These purified products contain inaterial precipitable by trichloroacetic, 
tannic, tungstic, fiavianic, or rufianic acid. In these instances no activity 
remains in the supernatant solutions. It is possible to regenerate a part of 
the activity from the tannic acid precipitate. At pH 4.6, Hg salts produce 
a precipitate but the proportion of theactivity removed wasnot investigated, 
Ba, Cd, Cu, Mg, and Zn salts under the same conditions do not cause pre- 
cipitation. The active principle is completely salted-out from aqueous 
solution by two-thirds saturation rvith (NH^lsSOi or by full saturation rvith 
not dialyzable through Visking tubing, 
pnicillin B is readily soluble in w'ater but completely insoluble in ether, 
chloroform, butanol, amyl acetate, methy'lene chloride, acetone, ethyl or 
methyl alcohol, pyridine, glycerol, dioxane, propy'lene glycol, and form- 
amde. It is precipitated from aqueous solution by 50 per cent acetone or 
per cent methyl alcohol. 

ii'nhydrin, xanthoproteic, Hopkins-Cole, Millon, Sakaguchi, 
r (eh s diazo, and hlolisch tests are positive. The teat for reduced sulfur 
lead acetate is positive. A dccrca.se in activity' i.s not produced 
•' ‘■‘ction of pepsin .at pH 3.8, trypsin at pll .5.7, or taka-diasta.«c or 
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emulsin at pH G.S. Papain (activated with HCN) at pH 3.8 causes almost 
complete inactivation in 2-1 hours. 

The isoelectric pH, determined in the apparatus described by Cohn, 
Irving, and du Vigneaud (7), is 4.4 and the nitrogen content of two samples 
was 9.7 and S.2 per cent (Durna.s). Evidence has been obtained which 
indicates that free amino groups arc not ncce.s,sary for the activity. 1 mg. 
of purified penicillin B per ml. of a mixture of equal parts of 2 m NaNOjand 
0.5 M acetate buffer (pH 4.5) .showed no loss in activity in 30 minutes at 
25° or in 2 hours at 1 0°. In a .similar concentration in 0.2 m phosphate buffer 
(pH 7.2), it was not inactivated by phenyl Isocyanate in 30 minutes at 25°. 
Likewdse, formaldehyde failed to dccrea.se the potency. 

When a suspension of 10 mg. of this material in 15 ml. of anhydrous 
methanol is saturated with diy hydrogen chloride at 0°, a clear light yellow 
solution results fi'om which the derivative can be precipitated by absolute 
ethyl ether. Tlie product has no antibacterial activity. Ketcne acetyla- 
tion in molar acetate buffer (pH 6.4 to 7.4) causes the formation of a water- 
insoluble precipitate within 5 minutes accompanied by an 80 per cent 
loss of activity in the supernatant solution. Treatment wdth anthraquinone- 
/3-sulfonic acid or benzyl thiuronium chloride does not yield a precipitate 
or produce inactivation. When coupled with diazotized sulfanilic acid 
(as in the determination of histidine) a red-orange color is produced and the 
activity is destroyed. 

The activity is adsorbed readilj- from aqueous solution by alumina gel 
or by passage through a column of Dccalso.’ In both cases elution is ac- 
complished with 1 to 10 per cent (NH4)cSO.t. 1 per cent NH4C2H3O2 also 
removes the adsorbed material from the Dccalso. Norit, Permutit, and 
benzoic acid were found unsatisfactory for use in adsorption columns. 

Studies of the ultraviolet absorption spectra of three samples of penicillin 
B have given the results shown in Table I. The maximum absorption at 
2770 A. and the minimum absorption at 2510 A. resemble the values found 
by Darby (8) for papain. Based on the results of Holiday (9), who found 
a double peak at 2730 and 2800 A. for t3’’rosine in acid solution and a single 
peak for tiwptophane at 2750 A., Darbj’’ suggests that the position of the 
maximum absorption is due to the presence of these two amino acids in 
papain. According to the Millon and Hopkins-Cole tests, tyrosine and 
tryptophane are present in purified penicillin B. 

The discrepancj- -between the activities and the values for 
be due to the difficulty of obtaining accurate assaj's or to the likelihood that 
inactivated material ma.v show ab.sorption at tlie same wave-lengths. 

Influrucc of Yeast, Brown Sugar, and pH on CuUure — Since the active 
material produced I\v our procedure was found to be in.solublc in fat 

‘ Obtained from The Permutit Oomp.any, Mew York. 
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solvents, an attempt was made to duplicate in this regard the findings of 
Chain and Meyer and to compare the yield of fat-soluble material rvith that 
obtained by benzoic acid adsorption. The data are showm in Table II. 

Tabee I 


Ultraviolet Absorption of Penicillin B 


Sample No. 

1 

Activity 

1 cm. 



2770 A. (maximum) | 

2510 A. (minimum) 

I 

ufii/t per wf. i 

100,000 

■MH 

1.05 

II 

16,000-32,000 


0.79 

HI 

12,000-25.000 

1 1.47 

1.10 


Table II 


Influence of Yeast, Brown Sugar, and pH on Microbiol Antagonists of 
Pencillium nolatum 


Harvest 

Uniu per liter 
extracted 

Harvest 

Units per liter 
extracted 


T;t« 

Ether 

Benzole 

acid 

Kind 

Tiltt 

Ether 

Benxoic 

acid 


units per 

1. 

m 



units per 



Yeast 

1 



Brown sugar . . 

ti n 



u 






u 


1 

a <i 



>300,000 

>830,000 

« 










« 


harvested, 
pH 7 

1 

1 

64,000 

it 


R 



i( 

■ MM 






U 

R 

H 





Brewers’ yeastf 

Bakers’ “ j 


m 






with CHCl, according to the procedure described by Meyer et al. (6). 
I per cent fresh bakers' yeast or 5 per cent dried brewers’ yeast in place of 1.5 
per cent yeast extract (Difeo). 


e media referred to as “yeast” harvests were prepared and cultured as 
esenbed by the British investigators (I) with the e,\'ception that 1.5 per 
Cent of commercial yeast extract (Difeo) was used. Those referred to as 
rown sugar” harvests differed from the media of Hobb}', hleyer, and 
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ChafTeo (10) in tliat C and II brand brown sugar was used in place of Jack 
Frost brand. In tliese media a maximum antibacterial activit}' of 160 
to 320 units per ml. was attained on about the 7th day of incubation at 
which time the pH was about G.O. 

The "yeast” media usually contained an ether-soluble antibacterial 
agent. The quantity of this material, which was obtained by extracting 
the cold medium (0°) at pH 2, was independent of the titer of the medium. 
The amount of activity obtained by the benzoic acid method was comparable 
to that obtained b}" ether extraction, but this material was insoluble in 
ether. These results seem to indicate that' two separate antimicrobial 
substances may be produced bj'’ Pcnicillitnn notalum in the same culture 
medium. It is interesting to note that the yields by either method bore no 
relationship to the titer of the untreated harvest. In some instances much 
more activity was obtained than was indicated by the assay of the crude 
medium. The significance of this is not understood but it is possible that 
the acidification results in the liberation of the active principle or principles, 
since the yield bj'^ the benzoic process was greatly increased by adjusting the 
pH of the harvested media to 3.5. An acidity greater than this resulted 
in an inactivation of this material. 

The results with the “bro'wn sugar” liarvests were essentially the same 
except that the yield by our adsorption process was generally much greater 
than that obtained by ether or chloroform extraction. Apparently, in 
this medium the benzoic acid-adsorbable principle was produced more 
abundantly than the fat-soluble one. Here again there was no relationsliip 
between yield and titer of the harvest. 

In two instances in which our routine medium was allowed to incubate 
until pH 6 to 7 was reached, the ether-soluble principle could be demon- 
strated. This was not the case when it was harvested at pH between 4 
and 5. 

Toxicity — ^We have thus far been unable to prepare a potent product 
which is non-toxic to mice. About 0.25 mg. (representing 3000 to 50,000 
units) of most preparations given subcutaneously in a single injection to a 
25 to 30 gm. mouse causes death in 3 to 24 hours. However, larger 
quantities are tolerated when small, repeated injections are made over a 
period of several days. Apparently the substance does not have a cumula- 
tive toxicity. 

Thus far, attempts to detoxify this substance have been unsuccessful. 
Treatment with nitrous acid, pepsin, norit, benzyl thiuronium chloride, 
and ketene did not reduce the toxicity. Fractional precipitation wth 
acetone and \vith (NH 4 ) 2 S 04 , adsorption and fractional elution from Decalso, 
and electrophoresis also failed to yield any product that was appreciably 
less toxic. While we have obtained inactive fractions which were toxic, 
we have not obtained an active preparation which was not toxic. 
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Bacteriological Properties 

The cultural studies which have been undertaken have dealt for the most 
part with purified penicillin B. The test organism in many of these in- 
vestigations has been the same strain of Staphylococcus aureus which is 
employed routinely in the assay work. Other species of bacteria also have 
been included and several observations of bacteriological interest have 
been made. 

It soon became evident that glucose is a necessary ingredient of the 
culture medium if the striking antimicrobial action of the active principle 
is to be observed. TVTule verj' small amounts of this material inhibit the 
growth of Staphylococcus aureus in a peptone broth containing glucose, 
much larger quantities fail to prevent growth in a peptone medium without 
glucose. A somewhat less complex medium was devised for use in cultural 
tests. This contains no peptone and is composed of Casamino Acids (Difeo) 
together with small amounts of nicotinic acid and thiamine. It supports 
the growth of Staphylococcus aureus but without the addition of glucose is 
unsatisfactoiy for the demonstration of the antibacterial effects of the active 
agent. 

Experiments were carried out to determine whether other carbohydrates 
and related compounds might exhibit an effect similar to that of glucose. 
A medium containing peptone and NaCl was prepared and to it was added 
the carbohydrate (1 per cent) under investigation together with varying 
amounts of penicillin B. d-Glucose, d-galactose, d-xylose, and f-xylose 
enhance the antibacterial activity of penicillin B, while d-mannose, d- 
levulose, dulcitol, d-maimitol, rhamnose, inositol, sorbitol, glycerol, lactose, 
sucrose, maltose, and rafifinose do not have enhancing action. 

The four compounds which permit the demonstration of enhanced 
acti\dty are not equally effective in this respect. Table III indicates the 
relative effectiveness of these carbohydrates as determined in the above test. 

In addition to Staphylococcus aureus, two other organisms {Escherichia 
coit and Salmonella schollmuelleri) have been studied in this manner in 
connection with glucose, lactose, and d-xylose and the results obtained 

uve been similar to those observed when Staphylococcus aureus was 
employed as the test organism. 

activity of penicillin B has been studied in relation to several differ- 
bacteria. The liquid medium employed in these tests (except 
e case of the pnemnococcus) contained 1 per cent peptone, 1 per cent 
Bucose, and 0.5 per cent NaCl and was neutral in reaction. Table IV 

Ms the relative degrees of activity observed with different test or- 
ganisms. 

both°^ results it is obvious that the substance is highly active against 
Gram-positive and Gram-negative bacteria. These findings are in 
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conti'ust. U) Vhosc of Abraham li nl. (2) iiml of Ilofiby, Moyer, anil Chatfec 
(10), ivho reported that penicillin (A) was relatively inefTcctive against the 


Taum: in 


Relative Effectiveness of Certain Carhohydratrs on Antibacterial Activity of Penicillin B 
+ indicates growth of the test organism; — indicates complete inhibition of the 
test organism. 


Carbobyilrale 


DHuiions of active material in peptone medium (I part octivc 
material dissolved in following million parts of medium) 



O.fi 

1.6 

' 3.2 

6.i 

12.S 

25.6 

51.2 

0 

Glucose 



1 

— 

_ 

1 

— 

+ 

+ 

Gtilactose 

— 

— 

— 

4~ 

4" 

+ 

+ 

+ 

d-Xylosc 

— 

— 

1 — 

4~ 

+ 


+ 

-b 

f-Xylosc 

— 

+ 

-1- 

4* 

+ 

+ 

+ 

+ 

Carbohydratc-frcc control 

+ 

+ 

4- 

4" 

4“ 1 

+ 

+ 

-f- 


Table IV 

In Vitro Activity of Penicillin D 

indicates absence of visible growth; + indicates presence of visible growth. 


OrginUm 


Gram 

reaction 




0.8 

1.6 

3.2 

6A 

12.8 

23.6 

51.2 

0 

Escherichia coli, Strain 1 







+ 

+ 

+ 

+ 

4~ 

“ » •' 3 1 

— 

— 

+ 1 

4* 1 

+ 

+ 

+ 

+ 

-b 

Acrobacler acrogencs, Strain 2 

— 

— 


— j 

+ 

4- 

+ 

-b 

+ 

“ “ “ 5 

— 

— 


+ 

4" 

4" 

+ 

+ 

+ 

Proteus vulgaris. Strain 10 


— 

— 

— 

— 


+ 

+ 

+ 

Salmonella enteritidis, Strain 52 

— 



— 



— 

+ 

4" 

-b 

+ 

“ paratyphi Mcars 

— 

— 

— ' 


— 


4~ 

+ 

+ 

Eberthella typhi Dorsett 




— 



— 

— 

4- 1 

-b 

+ 

Vibrio comma 


— 





— 

4“ 

4" 

4" 

Brucella abortus 

— 





_ 

+ 

* 4" 

4~ 

+ 

“ rnelitcnsis 

— 



— 





+ 

4~ 

-b 

“ suis 

— 



— 


— 

1 — 

-b 

-b 

+ 

Salmonella schottmucllcri, Strain 2 . . 

-- 





+ 

+ 

-b 

4“ 

4" 

Bacillus subtilis 

+ 


“ 1 





+ 

4" 

Staphylococcus aureus F 

-f- . 



— 






+ 

Diplococcus pneumoniae* III. . . j 

4- j 

- 

4- 

+ 

+ 

+ 

+ 

4~ j 

4" 


Concentration of antibacterial substance 
(I part purified material dissolved in iollowuig 
million parts of medium) 


glucose. 

majority of the Gram-negative bacteria tested. On the other hand, the 
results obtained in the present investigation with members of the Bruccllci 


V, 
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group and Escherichia coli arc perhaps similar in nature to that reported 
b}' Kocholaty (3) for these organisms. 

Certain studies with SalmoneUa enteriiidis brought to light a fact of 
some interest in connection with the r61e of glucose in the present cultural 
studies. A simple and completely synthetic medium was prepared ac- 
cording to the formula of Simmons (11) except that no agar or indicator 
was included. This liquid medium supports the growth of the organism 
satisfactorily and has the following composition: magnesium sulfate 0.2, 
ammonium dihydrogen phosphate 1.0, dipotassium phosphate 1.0, sodium 
citrate 2.0, sodium chloride 5.0 gm., and distilled H 2 O up to 1.0 liter. 

Penicillin B is ineffective in preventing the growth of Salmonella enteriiidis 
in this simple medium. However, when 1 per cent glucose is added, the 
active substance completely prevents growth in a dilution of 1 :32,000,000. 
This indicates that the peptone and other complex nitrogenous components 
of the previously described culture media are not neccssaril 3 '’ directlj' 
antagonistic to the active material. 

While the mode of action of penicillin B is not understood, it has been 
observed that such activity is bactericidal in nature rather than merely 
bacteriostatic. Subcultures from tubes of media where visible growth 
had been prevented bj’’ the penicillin B have j’ielded negative results re- 
gardless of the concentration of active substance present in the original test. 

SUMMARY 

A new antibacterial agent has been obtained from cultures of Penicillium 
nolaium. 

This substance appears to be protein in nature and differs markedly from 
the penicillin described by other investigators. 

The method of preparation, assay, and the properties of this substance 
are described. 

Although it is quite toxic to mice, it does not have a cumulative action, 
therebj' permitting the repeated administration of small doses over a 
prolonged period. 

Extremelj' small amounts of this substance are bactericidal for both 
Gram-positive and Gram-negative organisms. This activity is dependent 
upon the presence of certain carbohydrates. 

We are indebted to the Theelin Fund administered bj'' the Committee on 
rants for Research of St. Loins University for financial support and to 
rs. E. A. Doisy and Miss Lenore Klaus for their helpful technical as- 
fustance. 
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THE EFFECT OF DIETARY CALCIUM, PHOSPHORUS, AND 
VITAMIN D ON THE UTILIZATION OF IRON 

I. THE EFFECT OF PH'iTIC ACID OX THE AVAILABILITY OF IKOX* 

Bv mVIX FUHR ANi> H. STEEXBOCK 

{From (he Department of Biochemistry, College of Agriculture, University of Wisconsin, 

Madison) 

(Received for publication, November 9, 1912) 

McCanee and Widdowson (1) have shown ferric phytatc to be very in- 
soluble at an acidit}' corresponding to that which prevails in the stomach 
and in the small intestine. In fact, the determination of phytic acid is 
based on its precipitation with ferric chloride in dilute hj’drochloric acid 
solution (1, 2). As ferric oxide, which is difficultly soluble in dilute ht'dro- 
chloric acid, has been shomi to be poorly absorbed (3-5), it seemed prob- 
able that ferric phytate might also be a poor source of iron for the animal. 
This possibility assumed more than academic interest, -inasmuch as an 
attempt is now being made to correct the iron deficiency of patent wheat 
flour by the addition of ferric phj'tate. Furthermore, cereal grains as 
well as flour contain a considerable proportion of their phosphorus in the 
form of phytic acid (I, 6), which might affect the availability of the iron 
present. 


EXPERIMENTAL 


^ In view of the above circumstances, the effect of phytic acid on the as- 
similation of iron was determined in two series of experiments with rats. 
In the first series, phytic acid was added to a “synthetic”' iron-low ration 
which had been supplemented with ferric chloride. In the second series, 

enic phytate was prepared as such and then fed in a basal diet of whole 
milk. 


The “synthetic” iron-low ration was a modification of the diet com- 
pounded by Schneider and Steenbock (7). It was composed of heated 
*b? cottonseed oiF 5, and vitab' 4 parts with additions of vari- 

mif of a modified AVesson’s salt mixture and ccrelose to make 

too. The basal salt mbrture was composed of NaCl 105, KCl 120, MgSO, • - 


Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station, Madison. 

used n*Uh full realization of its limitations. 

, from the Stein-Hall Company, Chicago. 

•'esson oil. 

'iue bran concentrate obtained from the National Oil Products Companv, 
“urnson, New Jereey. ' 
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7HoO 90, MnS 04 0.20, KjAl2(S04)4-24H,0 0.09, NaF 0.57, KI 0.05, and 
CaCOs 219.44 parts. 2.14 per cent of thi.s mixture 'was feel wlien phytic 
acid v/as the source of phosphorus. When phosphatc.s -were the source of 
phosphorus, the basal salt mixture was supplemented with an cquimolccu- 
lar mixture of 137.84 parts of KHjPO^ and 176.44 parts of KjHPOj. 
The amount of salts incorporated in the diet was then increased to 3.40 
per cent. 

In realization of the fact that a dietary excess of calcium has a depressing 
effect on the utilization of iron, the amount of this clement fed was adjusted 
to an optimal level. The level of calcium .selected was ba.scd on the data 
of Kriegcr and Stccnbock (8). While the.se authors obtained good growth 
with 0.257 per cent of calcium in the pre.sencc of optimal phosphorus, cal- 
cification of the bones was not entirely normal. In view of this, the amount 
of calcium was increased to 0.35 per cent for an optimal intake. In some 
experiments it was fed at 4 times the optimal level. This increased the 
percentage of salts in the ration to 4.77 and 6.03 when the diet contained 
ph 3 '^tic acid and potassium phosphates, rcspcctivel.v. Similarly, the 
amount of phosphorus added, nameh' 0.25 per cent of the ration, was based 
on the data of Krieger, Bunkfeldt, and Stccnbock (9). 

The calcium carbonate available from commercial sources® was found 
to contain too much iron for use in this experiment; viz.^ 167 y per gm. 
This was reduced to 7 y per gm. by the following treatment: The calcium 
carbonate was dissolved in a minimal amount of dilute hj'drochloric acid. 
After the addition of a small amount of calcium carbonate until no further 
solution occurred, hydrogen sulfide was passed in for complete precipita- 
tion of the iron. After filtration and removal of the hydrogen sulfide by 
boiling, sodium carbonate, which had been shomi to be low in iron, was 
added. The precipitate of calcium carbonate was washed thoroughly 
and dried. 

The phytic acid used was prepared from crude calcium phytate* accord- 
ing to the method of Boutwell (10). It was added to the ration as re- 
quired in the form of a concentrated solution. This solution contained 
108 mg. of phosphorus per cc., of which 8.1 mg. were inorganic. It was 
also contaminated with 0.90 mg. of ferric iron per cc. Suitable corrections 
were made for these constituents when incorporated in the diet. The 
amount of phytic acid fed was approximate!}’' 20 times the amount re- 
quired to form ferric phytate with the iron supplement. 

All the rats were given 40 y of ;S-carotene in Wesson oil by dropper twee 
weekly. When vitamin D was fed, approximate!}’' 50 u.s.p. units (vios- 
terol) were given to each rat daily. The viosterol was dissolved in a small 

' tr.s.p., Merck and Company, Inc. 

• Obtained from the E. A. Staley Manufacturing Company, Decatur, Illinois. 
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amount of ether, mixed into tlic l ation, and the ether allowed to evaporate. 
Inasmuch as vitab is well known to be somewhat deficient in riboflavin 
for norma! growth, 2 mg. of riboflann were added to each kilo of ration. 
The constituents of the ration were mi.xed in 1 or 2 kilo quantities in an 
aluminum pan. To facilitate its incorporation in the diet, the vitab was 
diluted with a .small quantity of water. 

In all the experiments, the iron supplement was corrected for the amount 
of iron in the basal ration. This amounted to 12 y of iron per gm. when 
phosphates were the source of phosphorus and 35 y of iron when phytic 
acid was the source of phosphorus. The total amount of iron given was 
kept at a fairly low level, namely 0.50 mg. per rat daily, in the first experi- 
ment. With this intake it was believed that under the experimental con- 
ditions it would be possible to obtain differences in hemoglobin production, 
or if this failed that differences in the storage of iron could be detected. 
The iron was added to approximately 3 gm. of the diet each morning in the 
form of a solution of ferric chloride to which a small amount of hydrochloric 
acid had been added to prevent precipitation. A solution of 0.10 mg. of 
copper as copper sulfate was also mixed into the 3 gm. portion of the ration. 
After this portion of the diet had been consumed, additional ration was 
fed. The total amount of ration fed was equalized for all rats in the dif- 
ferent groups. To avoid errors due to spilling, absorbent paper towels 
were placed below each cage and anj’- spilled ration was returned to the 
feed jars each morning. Between feeding.s, the rations were stored in a 
refrigerator. 

The animals were prepared for the experiments by the Elvehjem and 
Kemmerer techmque (11), At 21 days of age they were weaned and di- 
vided into groups, with due precautions to equalize the effect of any 
vanations due to litter origin, w-eight, sex, and hemoglobin content. Each 
group contained six rats. The rats were kept in individual suspended 
ra^s made of zinc-covered wire, 2 meshes to the inch. 

Hemoglobin was determined in 0.02 cc. of blood taken from the tail, 
he blood was diluted with 5 cc. of distilled water and then with 5 cc. of 
ilute ammonium hydro.xide. The color was read in an Eveljm photoelec- 
tne colorimeter with a 540 itim filter. 

or the analysis of body iron, the rats were killed by etherization and 
ned in an oven at 104°. The carcasses were then ashed in a muffle fur- 
at 600° for 2 hours after the addition of 10 cc. of a saturated solution 
° nitrate in ethanol and also of 2 gm. of iron-low' calcium 

^rlwnate to minimize the loss of iron by volatilization. ViTien necessarj', 
e incineration was completed at a low temperature after the addition of a 
h ^ iron-low nitric acid. The ash was dissolved in dilute iron-low 
y ocblorie acid and diluted to volume in redistilled water. Iron deter- 
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miiuitions wore then iniKlo on suiliiblo Jiii(iiio(.s 1 ) 3 ' the amyl alcoliol- 
thiocj-anatc eoloriinetrie metliod as dcseribod by Jaeksoii, Klein, and Wil- 
kinson (12) and modified b}' Nordfcldt (5). 

All the rations which were fed in the first scries of experiments were 
cheeked for their iron, calcium, and phosphorus content. Iron W’as deter- 
mined by the method already described. Calcium was determined by the 
method of Meloche, Clifeorn, and Griem (13), and phosphorus by the 
method of Ffske and Subbarow (M). 

It is evident from Table I that, with an optimal intake of calcium, the 
addition of phj'tic acid, as comjiarcd with the addition of inorganic phos- 
phates, resulted in a reduction in the amount of hemoglobin produced. 
While the effect was not marked, it was significant because the rats were 
uniform in weight and the reduction occurred consistenth’. However, 
phytic acid apparentlj' did not interfere measurably with the storage of 
iron; the increase in bodj' iron was fidlj' as great when the phosphorus was 
fed as phj'tic acid as when it was .supplied in an equivalent amount in the 
inorganic form. When the calcium intake was increased to 4 times the 
optimal, the effect of ph 3 'tic acid was the same although both hemoglobin 
and body iron were depressed b 3 ' the excessive intake of calcium. This 
effect of calcium is well known (15-17). 

Attention is called to the fact that vitamin D had a beneficial effect on 
the production of hemoglobin at the low’er level of calcium intake. At the 
higher level of intake no effect was produced. A similar effect of ^dtaniin 
D on the total amount of bod 3 ' iron was obseiTcd, particulaiK’ when the 
diet contained optimal amounts of inorganic calcium and phosphorus. 
Additional experiments on the beneficial effect of vitamin D on the reten- 
tion of iron will be published later. 

In the second series of experiments, in which whole milk was used as the 
basal ration, two groups of sixteen rats each were given, respectiveb', a 
supplement of 0.20 mg. of iron as ferric ammonium sulfate or ferric phytate. 
In addition, each rat received dail 3 ’’ 0.10 mg. of Cu as CuS 04 and 0.10 mg. 
of Mn as MnS 04 . The supplements were fed in a few cc. of milk in the 
morning. Additional milk was then fed ad libitum. 

The rats used were 21 days of age and weighed approximatel 3 ’^ 37 gm. 
The 3 '^ were distributed between the groups, as in the first series, to equalize 
variations due to sex, weight, litter origin, and hemoglobin content. 

The ferric phytate was prepared from ph 3 dic acid by the method of 
McCance and Widdowson (1) and was fed as a stable suspension in redis- 
tilled water. The rats were weighed and hemoglobins determined weekly 
during the 5 week feeding period. 

The results (Table II) show that the production of hemoglobin was con- 
sistentb’- less wth ferric ph 3 date than with ferric ammonium sulfate. As 
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Table I 

Ejjecl of Diclary Phytic Acid on Hemoglobin and Body Iron 


All rats received an optimal intake of phosphorus (0.25 per cent of the ration), 
0.S0 mg. of iron, and 0.10 mg. of copper daily except for the last 5 days, when the iron 
supplements were discontinued. Each group consisted of six rats. The average 
iron content of the rats at the start of the experiment appro.ximated 0.80 rag. per rat 
as determined on forty-four rats of the same origin, size, sex, and weight. 


Group 

Ko. 

Vitamin D, 
0.5 units 
daily 

Source of phosphorus 

Final 

body 

weight 

Hemoglobin per JOO cc. 1 
blo^ 

Body iron 


i 

Initial j Final | Increase 

Total* j Increase 


Optimal calcium 


1 j 


1 

gm. 

gm. 1 

Xffi. j 

gm. 

mg. 

mg. 



Inorganic 

7G 

8.38 

15.24 1 

6.86 

4.84 

3.39 

2 


Phytic acid 

75 

9.06 ! 

14.10 j 

5.04 

5.19 

3.74 

3 

50 

Inorganic 

78 

8.42 I 

16.37 

7.95 

6.03 

4.58 

4 

50 

Phytic acid 

77 

9.07 

16.17 1 

7.10 

5.52 

4.07 


4 times optimal calcium 



Inorganic 

74 

8.84 

14.75 

5.91 

3.42 

1.97 


Phytic acid 

72 

8.68 

13.64 

4.96 

3.60 

2.15 

SO 

Inorganic 

74 

9.33 

15.04 

5.71 

3,34 

1.89 

50 

Phytic acid 

72 

9.31 

14.09 

4.78 

3.51 

2.06 


This represents the total iron content of the animals. Analysis of the contents 
of the digestive tracts of twenty -one rats similarly fed revealed that they contained 
average of 0.65 mg. of iron. 


Table II 

Availabiliiy of Iron of Ferric Phytale for Hemoglobin Production 
, received 0.20 mg. of Fe, 0.10 mg. of Cu, and 0.10 rag. of Mn daily during 

e 5 veek feeding period. There were sixteen rats in each group. The basal diet 
was whole milk. 


Grouo 

No 

Source of iron* 



Hemoglobin 



Initial 

; 1st wk. 

2nd wk. 

3rd wk. 

4th wk. 

5th wk. 

Total 

increase 

1 

Ferric ammonium sulfate 

tm. 

1 gm. 

gm. 

gm. 

gm. 

gm. 

im. 

7.59 



12.19 

12.71 

12.97 

5.38 

2 

• T- 

“ phytate 

7.78 




11.38 

' 


4.32 


aee group of five rats on milk plus copper and manganese only, the aver- 

K evel of hemoglobin dropped from 11.03 to3.82gm. in 5 weeks. 


le first e.xperiment, these data are si^ificant because of the large num- 
r because the average increase in weight was practically 

leal for each group. It should be emphasized that the iron of ferric 
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phytale is fairly available because, as is well known, rats become severely 
anemic when maintained on whole milk supplemented with copper and 
manganese, whereas our animals with an additional supplement of ferric 
phytate increased their hemoglobin content steadily throughout the ex- 
periment. 

We acknowledge our indcbtcdne.ss to hlr. Rudolf Bunkfeldt for the supply 
of phytic acid and to Mr. C. E. Zehner for the supply of cow’s milk. 

SUMMAnV 

With a "synthetic” ration furnishing a limited amount of iron as ferric 
chloride and an amount of calcium optimal for growth and calcification, 
slightly less hemoglobin was produced in rats when the optimal amount 
of phosphorus was supplied as phytic acid rather than as a mi.vture of the 
mono- and dipotassium phosphates. An excc.ss of calcium reduced the 
formation of hemoglobin and the storage of iron. Vitamin D improved 
the storage of iron and the formation of hemoglobin when the diet con- 
tained optimal amounts of calcium and phosphorus. However, no such 
effect M’as observed when the diet contained an excess of calcium. With 
milk supplemented with copper and manganese ns the basal ration, a 
limited amount of iron as ferric phytate produced 19 per cent less hemo- 
globin than an equal amount of iron in the form of ferric ammonium 
sulfate. 
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Madison) 
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In recent investigations in this laboratory (1), it was found that vitamin 
D produced a marked increase in the storage of iron. A review of the 
literature relating to this effect yields little evidence either supporting or 
contradicting this obsenmtion. Shelling and Josephs (2) noted an im- 
provement in the retention of iron in rats vith the feeding of viosterol. 
However, as the authors state, the effect was no more than suggestive. 
Later, Josephs (3) found that viosterol increased the retention of iron in 
two out of three infants under observation. Porter (4), on the other hand, 
was unable to demonstrate any increase in the retention of iron in pre- 
school children vith the replacement of plain farina in the diet with farina 
which had been fortified with irradiated yeast. It should be noted, 
however, that her basal diet contained an appreciable amount of vitamin D 
(40 ti.s.p. units per child daily) and, therefore, that this experiment was 
not directly comparable with that of Josephs. 

With regard to the effect of vitamin D on hematopoiesis. Day and Stein 
(5) observed a mild anemia and polycythemia in rats on a diet containing 
either normal levels of calcium, but three times the normal amount of 
phosphorus, or normal amounts of phosphorus, but only one-fifth the nor- 
Kial quantity of calcium. The addition of vitamin D to such rations 
resulted in somewhat higher hemoglobin values. 

Maughan (6) reported the occurrence of an anemia in rachitic chicks 
which Was curable with ultraviolet light. McDonough and Borgen (7), 
on the other hand, were not able to find any difference in the amount either 
of hemoglobin or of liver iron of rachitic chicks as compared with normal 
chicks. 

Seyderhelm, Tammann, and Baumann (8), in their experiments with 
dogs, produced an anemia by diverting the flow of bile to the urinarj' tract. 
They found that this anemia could be prevented or cured with bile acids 
and also with light-activated eigosterol. Further stud}' of this problem 
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by Takasu (9) gave similar results. Takasii suggested that the combined 
action of bile acids and vitamin D was essential for normal hematopoiesis 
under his experimental conditions. 

An additional experiment with a jjossible bearing on this subject is that 
of Crowley and Taylor (10). Thc.se investigators found that iron-re- 
sistant anemia of school children with latent rickets was improved only 
by the combined feeding of iron and vitamin D, However, Hauss (11), 
in his review of the literature on the anemia of rickets, cited several reports 
in which vitamin D, as cod liver oil or ultraviolet irradiation, Jiad no effect 
on a low level of hemoglobin. 

Obviously, additional data which would throw further light on the in- 
fluence of vitamin D on the utilization of dietary iron are needed. For 
this reason the following investigations were undertaken. 

EXPERIMENTAL 

The experiments were carried out with young rats and, with certain ex- 
ceptions, which will be pointed out later, essentially' the same ration, 
technique, and criteria as those which were employed in a previous experi- 
ment (1). The iron-low “synthetic” ration contained calcium carbonate 
and an equimolecular mixture of mono- and dipotassium phosphate to give 
it a calcium content of 0.35 per cent and a phosphorus content of 0.25 per 
cent. These amounts had been found to be optimal for growth and 
calcification. Each rat was given daily' a .solution of 0.10 mg. of Cu as 
CuS 04 and either 0.10 or 0.50 mg. of Fe as FcCb mixed daily’ into a portion 
of the ration. In each e.xpcriment, some of the rats were given 50 u.s.p. 
units of vitamin D daily as viosterol or as percomorph oil. 

Each experimental group was composed of eight or nine rats. The dura- 
tion of the feeding period was 4 or 6 weeks. Hemoglobin determinations 
were made weekly' or at the beginning and at the end of the experiments. 
When the experiments were terminated, the animals were killed by' de- 
capitation and analy'zed for iron after the removal of the digestive tracts. 
When individual organs were analyzed for iron, they' were washed thor- 
oughly' with isotonic saline solution before incineration. TJie blood 
obtained by these washings together with the blood drawn at decapitation 
was incinerated with the carcass. 

Although a number of separate experiments were run, only’ two of them 
will be reported in detail, as the results were similar in all of them. In 
the first one to be reported, the rats were given 0.50 mg. of iron daily. 
The consumption of food was controlled by paired feeding; j’.c., for each 
rat receiving vitamin D, one control rat not recei\'!ng vitamin D was given 
the same amount of ration day' by' day'. This technique served to equalize 
growth and thereby' facilitated comparisons of the amount of hemo'globin 
sy'nthesized and the relative abundance of iron reserves. 
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Table I gives the results of this experiment. It shows that all of the 
rats which received vitamin D had a slightly higher hemoglobin level than 
those which did not receive this supplement. This confirms the results 
obtained previou.sly (1). While the difference was not large, viz. 1.07 gm., 
the consistency with which this difference occurred makes it significant. 
Furthermore, attention is called to the fact that all of the rats which re- 
ceived vitamin D contained appreciably more iron than their paired feeding 
mates. Only a very small part of this difference was due to the liver dif- 
ferential. 


Table I 


Effect of Vitamin D on Body Iron, Liver Iron, and Hemoglobin 
The duration of the experiment was 4 weeks. Each rat received 0.50 mg. of iron, 
and 0.10 mg. of copper daily. 


Group I . No vitamin D 


Group 2. 50 units vitamin D per rat daily as 
viosterol 


Rat No. 

Body 

weight 

Hb per 100 
cc. blood 

Liver 

Fe 

Increase 
in body 
Ke* 

Rat 

No. 

Body 

weight 

Hb per 100 
CC. blood 

Liver 

Fc 


Initial 

4U 

Initial 

Increase 

'e 

U 

« 

V 

V 

e 

Initial 

Increase 



gm. 


gm. 

mg. 

mg. 


gm. 

gm. 

gm. 

gm. 

mg. 

mg. 

750 

42 

Eil 

7.66 

5.92 

BIRil 

1.75 

758 

43 

66 

7.35 

8.13 

0.37 

2.38 

751 

41 

49 

6.87 

laEil 

0.29 

2.11 

761 

42 

52 

7.35 

8.87 

0.31 

2.53 

752 

gill 

47 

7.57 

8.22 

0.28 

1.86 

759 

44 

46 

6.50 

9.00 

0.30 

2.38 

753 

42 


6.94 

7.61 

0.32 

2.35 

Mail 

Mfm 

70 

7.16 

hPhI 

0.35 

2.72 

754 

gni 


8.26 

aPIil 

0.38 

2.16 

762 

42 

62 

8.63 

6.04 

0.50 

2.53 

755 

44 

86 

7.28 

5.95 

0.32 

2.79 

765 

43 

ISI 

7.52 

6.83 

0.34 

2.96 

756 

44 

65 

7.66 

6.50 

0.32 

2.42 

764 

44 

76 

7.94 

7.74 

0.43 

3.09 

757 

45 

72 

8.26 

5.24 

0.36 

2.76 

763 

43 

76 

7.80 

7.45 

0.33 

3.09 

Average. . . 

42 

66 

7.58 

6.71 

0.33 

2.27 

i42 

67 

7.53 


0.37 

2.71 


‘ Includes liver iron. 


In this connection, an observation concerning the effect of vitamin D on 
the size of the liver is of interest. Although vitamin D had no influence 
on body Weight, it increased both the average wet and drj' weight of the 
."'®r approximately 20 per cent. An inspection of similar data obtained 
m another experiment of the present series revealed the same effect. 

owever, there was no relationship between the size of the liver and the 
^ount of iron contained therein. Contrary to this observation, vitamin 
had no effect on the dry weight of the spleen nor on the amount of iron 

present. 

Because vitamin D increased the quantity of body iron, it was believed 
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desirable to determine its elTcet on body copper. The dcterinination.s were 
made b}"- the method of Coiilson (12). Apparently, it had no effect; the 
average amount of body copper per rat was found to be 0.90 mg. for the 
rats which received vitamin D as well ns for tho.se which did not. 

In the next series of experiments, certain modifications were introduced 
to make tlie test more critical. Twenty-seven 21 day-old rats were given 


TAnLK II 

Effect of Vitaviin D on Hemoglobin Production 
The duration of the experiment was C weeks. Tlicrc were nine rats in caeh group. 
Each rat received 0.10 rag. of iron and 0.10 mg. of copper daily. 


• Group No. 

Body weight 

' Hemoglobin per 100 cc. 

1 blood 

Initial 

Increase 

Initial 

Increase 


gm. 

1 gm. 

gm. 

' gm. 

1, No vitftmin D 

83 


4.86 

8.60 

2. Vitamin D ns viosterol* 

83 

■■ 

5.00 

s.oot 

3. " “ “ percomorph oil* j 

83 

10(1 1 

4. OS 

9.9U 


• 50 u.s.p. units wore given to each rat daily. 

t In comparison with Group 1, two rats had a lessor increase, one had no increase, 
and six had a greater increase in hemoglobin. 

t In comparison with Group 1, two rats had a lesser increase and seven had a 
greater increase in hemoglobin. 


Tabi-e III 


Hemoglobin Values yls Determined Week by Week on Rats of Table II 


Wks. on experiment 

Group]. No vitamin D 

i Group 2. 50 units daily 
as viosterol 

Group 3. 50 units daily 
as percomorph oil 


gm. 

gm. j 

gm. 

0 

4.86 

5.00 i 

4.98 

1 

6.92 

7.62 j 

7.32 

2 

8.03 

9.88 

9.15 

3 

9.44 

10.92 

10.06 

4 

10.43 

11.60 

11.46 

5 

12.87 

13,28 

13.63 

6 

13.46 j 

13.90 

14.89 


iron-low cotv’s milk for 3 weeks until the hemoglobin values had decreased 
to approximately 5.00 gm. Eighteen of the rats were then given the 
“synthetic” ration with the addition of 50 u.s.p. units of vitamin D per 
rat daily as viosterol or percomorph oil; nine were kept as controls. All 
rats were given 0.10 mg. of iron daily. Hemoglobin determinations were 
made weekly until the values had returned to normal. 
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The data indicate (Table II) that vitamin D increased the production 
of hemoglobin onl)’ slightly, but consistent!}'. Of the eighteen rats given 
vitamin D, thirteen, or 72 per cent, had higher hemoglobin values than 
their paired feeding mates. In the case of viosterol (Group 2), the differ- 
ence was very slight; the average increase in hemoglobin was 8.90 gm. as 
compared with 8.C0 gm. in the control animals. However, at the end of the 
experiment, si.x of the nine rats on viosterol had more hemoglobin than 
their controls. Furthermore, these differences were consistent week by 
week (Table III). 

Percomorph oil had a similar beneficial action on the synthesis of hemo- 
globin (Table II). At the end of the e.xperiment, seven out of nine rats 
receiving this supplement contained more hemoglobin than their controls, 
the average values being 14.89 and 13.46 gm., respectively. As wth 
viosterol, the effect of percomorph oil prevailed throughout the entire 
time of the experiment (Table III). 

SUMMAKY 

When vitamin D was added to a “synthetic” ration optimal for growth 
in its content of phosphorus and calcium and of known iron content, there 
resulted an increase in hemoglobin and especially in the total amount of 
body iron in rats. Although vitamin D had no effect on body weight, it 
produced a marked increase in the weight of the liver. In contrast to the 
beneficial effect on the storage of iron, vitamin D had no effect on the stor- 
age of copper. 
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Anemia has been reported in rachitic infants and children by a large 
number of clinicians. However, there is little agreement as to its etiology. 
This state of affairs is well summarized in a quotation from Hess (1). 
“It is probably true that severe rickets is generally accompanied by ane- 
mia. But whether this alteration is to be attributed to the rickets or to 
the malnutrition occasioned by associated errors of hygiene and diet remains 
to be determined.” 

TjTpical of the contrasting opinions on this subject are the report of 
McDonough and Borgen (2) and that of Crowley and Taylor (3). The 
former investigators believe that there is no relationship between rickets 
and anemia. They found that the feeding of iron salts to rachitic infants 
mth subnormal hemoglobin values raised these figures to normal. They 
urther observed that the administration of vitamin D did not increase the 
evel of hemoglobin in the anemia of uncomplicated rickets. Crowley and 
_ aj’lor (3), on the other hand, found that only the combined feeding of 
non and vitamin D increased the level of hemoglobin in eighteen children 
mth latent rickets. 


similar lack of agreement is evident in the data presented by investi- 
g ors who have studied this problem with the rat and also with the chick. 

app (4) produced rickets in rats by feeding grain rations which were low 
in ca cmm. Anemia developed in seven out of fifteen rats within 3 to 8 
K addition, the livers and spleens were very pale, indicating 
stores were reduced below normal. Sure and Kik (5) and 
® auss (6) were not able to find any difference between the blood 
ic ure of rachitic and that of normal rats. 

nhick as the experimental animal, Maughan (7) studied the 
toe*^ ° irradiation on the amount of hemoglobin when a raehi- 

'itamin D-low ration was fed. He found that hemoglobin value.s 
Ho f lower in the rachitic chicks than in the irradiated birds, 

'll 101 loporled that the cure of rickets wn.s accompanied by an in- 
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crease in iiemoglobin to the normal figures, Contrar}’’ to tlicsc results, 
McDonough and Borgon (2) were not able to detect any difference in the 
level of hemoglobin between normal and rachitic chicks. In addition, the 
amount of iron per gm. of dried liver was approximately the same whether 
or not cod liver oil had been included in the diet. 

All of these experiments had one or more experimental defects. For 
example, the diets were composed of naturally occurring foods, the phos- 
phorus of the diet w'ns furnished in various degrees of availability, the 
source or amount of dietary iron was not controlled, the type of rickets 
induced was not ascertained, and the severity of the rickets was not indi- 
cated. These circumstances made it desirable to carr}' out additional 
experiments with a diet compounded of purified food constituents in 
wliich rickets w'as produced by definite deficiencies or imbalances. 


EXPERIMENTAE 

Except for the omission of 219.44 parts of calcium carbonate from the 
salt mixture (8), the iron-low “sjmthetic” ration previously described was 
fed. The desired proportions of calcium and phosphorus were attained by 
the addition of calcium as the carbonate and phosphorus as an cquimolccu- 
lar mixture of mono- and dipotassium phosphates. As before, the diet was 
considered to be optimal with re.spcct to its content of calcium and phos- 
phorus w'hen it contained 0.35 and 0.25 per cent of these, respectively. 
These proportions were varied from one-eighth to 4 times optimal. Each 
rat rvas given 0.10 mg. of copper as the sulfate together with a certain 
amount of iron as ferric chloride in redistilled water mixed into a small 
portion of the ration daily. 

At the end of the feeding period, the rats were killed with ether and both 
femurs and the distal ends of the radius and ulna were dissected out. The 
femurs rvere extracted with 95 per cent ethanol for 72 hours and then dried 
in a muffle furnace at G50° until free from carbon. The ends of the radii 
and ulnae were split longitudinallj- with a scalpel, stained w’ith silver 
nitrate, and inspected for the width of the metaphyses. 

The experiments were carried out in two series, the second series differing 
from the first primarilj’^ in that some of tlie rations rvere supplemented with 
vitamin D and the consumption of ration was equalized between individ- 
uals of different groups. In addition, in the second series the carcasses 
of the rats wore analyzed for iron. 

The results of the' first serie.s (I'ablc 1) show clearly that the low phos- 
phorus and the low ealeium diets produced rickets. Howevei', the high 
ealeium diet failed to do so. This rvas undoubtedly due to the fact that 
the phosphorus was jiresent in the inorganic form. It has frequently been 
noted that a high calcium i-ation wall produce severe rickets, but this is 
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Table I 

Effect of Variabk AtMunls of Dietary Calcium and Phosphorus on Hemoglobin 

Formation 


Three males and three females, 21 days of ago, nrero used in each group. Each 
rat was given 0.20 mg. of iron and 0.10 mg. of copper daily for 5 weeks. 



Body weight 

Hemoglobin per 100 cc. 
blood 

Bone 

ash 

Metapbyais 

Group No. 

Z&t* 

In- 

Ini- 

Increase after 


tui 

cre&se 

ti&l 

1 wk. 

3 wks. 

5 wks. 




tm. 

tm. 

tm. 

! tm. 

tm. 

tm. 

I 

1 cent 


1. Optimal Ca, i optimal P 

34 

\ 41 

8.22 

2.53 

HRil 

5.44 

21.7 

Severely 









rachitic 

2. Optimal Ca, J optimal P 

3. Optimal Ca, 4 times optimal 1 

33 

22 

8.43 

2.45 

3.18 


19.9 

({ tt 

P 1 

32 i 

52 

8.42 i 

3.84 

4.37 

6.26 j 

46.4 

Normal 

4. i optimal Ca, optimal P 

31 

37 

8.60 

3.07 

3.74 

6.82 : 

38.3 

Mildly 









rachitic 

5. 4 times optimal Ca, optimal 









p 

40 

33 

49 

Mill 

■ 


B 

m?ti 

48.4 


6. Optimal Ca, optimal P 

72 

4.04 

45.8 

tt 


Table II 


Effect of Low Intake of Dietary Calcium and Phosphorus on Body Iron and Hemoglobin 

Formation 


Three males and three females, 21 days of age, were used in each group. Each 
mt was given 0.50 mg, of iron and 0.10 mg. of copper for the first 23 days of the 28 
osy feeding period. 




Body 

weight 

Hb per 100 

Increase in 




Viosterol 

cc. blood 

body iron* 











Bone 

ash 


Group No. 

daily. 






O 

Metaphysis 


unita of 




O 






vitamin D 

2 

s 

3 

tt 

V 

rt 

l-s 





s 

c 

jc 

e 


S3 ^ 





cm. 

gm. 

tm. 

gm. 

mf. 

mf. 

per 

cent 


1- Optimal Ca, optimal P. . . 

0 

37 

39 

8.38 

6.86 

3.39 

0.049 

48.8 

Normal 

2- Optimal Ca, optimal P . . 

3- Optimal Ca,i optimal P. 

50 

35 

43 

8.42 

7.95 

4,58 

0.059 

50.6 

ft 

0 

37 

38 

8.32 

6.91 

3.04 

0.041 

29.2 

Severely 

4- Optimal Ca, } optimal P . 

50 

37 

38 

8.32 

7.69 

3.33 

0.044 

38.1 

rachitic 

Mildly 

5- Optimal 

• Optimal p , I optimal Ca 

0 

36 

16 

8.24 

6.54 

2.85 

0.055 

38.8 

rachitic 

fl <t 

SO 

37 

24 

8.30 

7.41 

3.34 

0.055 

36.3 

tt it 


This does not include the iron of the metaphyseal specimens. 
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brought about with facility only when the phosphorus is present in such a 
form that it forms rlifiicultl}' soluble salts, as, for example, when the phos- 
phorus is present as phytic acid (9). 

With regard to hematojmicsis, it is seen that neither low ])hosi)horus nor 
low calcium rickets jn-oduced anemia. On the other liand, a pronounced 
anemia occurred in the high calcium group. This action of calcium has 
been reported by several investigators (8, 10-14). 

In addition, attention is called to the fact that a phosphorus intake high 
in relation to the rat’s requirement or high in relation to the intake of cal- 
cium did not affect the production of hemoglobin, even though a mild 
rickets resulted in the latter instance. These results arc contrary'' to those 
obtained by Day and Stein under similar c.\perimcntal conditions (15). 
However, our animals grew less in relation to their controls than those of 
the aforementioned investigators, so that, even with a reduction in the 
amount of iron assimilated, the requirement for hemoglobin synthesis 
may have been met. 

In the second series of experiments in which the effect of vitamin D was 
determined, particular care was taken to .select the rats for uniformity of 
weight and liemoglobin content. Furthermore, the intake of food was 
equalized for all of the rats until the 4th day of the experiment, when the 
groups receiving one-eighth optimal calcium reduced their food intake to 
an excessive degree. From that time on, thej’ were treated ns a separate 
series. However, the iron intake of all the rats was kept constant through- 
out the experiment. 

Results of this series (Table II) show that with a low intake of calcium 
and of pho.sphorus rickets was produced but hemoglobin .synthesis again 
was not affected. However, as observed previously (8, 15, 16), the addi- 
tion of vitamin D resulted in all instances in an increase in hemoglobin 
values over the levels contained in the control animals. 

Although there was less iron per gm, of body weight in the low phos- 
phorus-fed rats than in the controls on optimal phosphorus, the poorer 
retention of iron was not due to rickets per sc. This is proved b}'^ the fact 
that, although vitamin D induced marked healing, there was little change 
in the amount of body iron. It is possible that the somewhat poorer re- 
tention of iron in these groups rvas due to the relative excess of calcium 
over phosphorus in the diet. The amount of iron per gm. of body weight 
was as great in the rachitic animals on suboptiraal calcium as in the non- 
rachitic rats on optimal calcium and phosphorus. 

CONCLUSION 

Low calcium and low phosphorus rickets did not reduce the amount of 
body iron nor the rate of hemoglobin s 3 mthesis in the rat. 
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PURIFICATION OF THE GROWTH HORMONE OF THE 
ANTERIOR PITUITARY* 

Bv WALTER MARX, MIRIAM E. SIMPSOX, and HERBERT M. EVANS 
(From the InsCitulc of Experimental Biology, University of California, Berkeley) 

(Received for publication, October 21, 1942) 

The present communication describes a procedure of established depend- 
ability for the preparation and purification of the growth hormone of the 
anterior pituitary. The procedure is a final result of many modifications 
in method attempted during the last few years. 

Methods of Assay 

In the course of fractionation procedures it is important to follow the 
progress of purification with reliable determinations of hormonal potencies 
of the fractions obtained. The method used here for the a.ssaj' of growth 
hormone was described recently (I). It is based on the body weight in- 
crease of rats injected daily for periods of 10 to 20 days. Depending on 
the character of the particular preparation to be tested, and on the ac- 
curacy required in a given case, either normal female rats whose weight 
had reached a plateau were used (injection periods, 15 and 20 days), 
or hypophysectomized immature female rats (injection periods, 10 and 15 
days). Hypophysectomized animals were employed in some instances for 
a second and even for a third course of injections, although it was realized 
that the accurac}’’ was less in these cases. Growth hormone units, GU, were 
defined, as already described, for each tj'pe of test animal and for each test 
period, and growth hormone potencies were expressed as growth hormone 
units per mg. of hormone preparation, [GU], special references being made 
to the particular e.xperimental conditions of a given case. 

In order to be able to compare results of assaj's conducted with different 
tj^jes of test animals, or uith different injection periods, conversion factors 
were determined rvhich permit approximate expression of the potency of 
a growth hormone preparation in terms of any one of the assay methods 
enumerated. These conversion factors were derived from ratios of 
average values for growth hormone potencies which had been established 
empirically (Table I). A grouiih hormone preparation which would 
cause exactly 10 gm. of body weight increase in 10 days, when given to 

• Aided liy grants from tlic Rescarcli Board of tlie University of California, and 
from till- (Nmnniltee <in Uc.searcb in Endocrinology of the National Re.-earcli Council . 
As.siRtanoc was rendt-rt-d by the Work Projects Administration, Official Project 
No. 265-1-OS-SO, Unit A5. 
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hypophysectomized rats at a level of 100 y daily, would produce body 
weight increases and, therefore, have growth hormone potencies in other 
tests as indicated in Table I. 

Crude pituitary extracts contain, besides growth hormone, various other 
active principles, five of which are generally accepted today as separate 
entities — the follicle-stimulating (FSH), interstitial cell-stimulating (ICSH) 
lactogenic, thyrotropic, and adrenocorticotropic (ACTH) hormones. 
Therefore, it is not sufficient to follow purification by measuring growth 
hormone potency per mg. alone. As a further criterion for purity, it is 
desirable to determine that there is a quantitative reduction in the other 
“contaminating” hormones. For this purpose, growth hormone prepara- 


Table I 

Correlation of Methods of Growth Hormone Assay 


Type of lest rat 

Injection 

period 

Daily dose 

Body weight 
increase 
per day 

Potency* j 

Conversion 

factor 


days 

HjH 

gm. 

f>cr mg. 


Hypophysectomized 

10 


1.00 

10.0 (GUIhr 

1.00 

<( 

15 


0.99t 

9.9 [GUI.'.r 

mSm 

it 

10 

0.1 

o.sot 

e.l iGUlmiR 


previously injected 
Normal (weight plateau) 

15 

1.0 

1.65§ 

O.G [GUlia 

0.06 


* [GU] = growth hormone units per mg. of hormone preparation. Explanation of 
indices: 10 = 10 day test; 15 = 15 day test; HR = hypophysectomized rats; UHR = 
hypophysectomized rats, previously injected; NR = normal rats at a weight plateau. 

t Mean value, derived from 349 test animals. 

X Mean value, derived from 225 test animals. 

§ Mean value, derived from 412 test animals. 

tions were injected, at relatively high levels, into immature pigeons to 
assay for lactogenic hormone (response of crop sac), and into hypophysec- 
tomized rats for determination of the other four pituitary hormones 
enumerated (responses of ovaries, thyroids, and adrenals). 

Method of Pjirificalion 

The method used at present for purification of the anterior pituitary 
growth hormone consists of a series of five steps: desiccation of beef an- 
terior pituitary lobes with acetone, extraction vdth calcium hydroxide, 
precipitation with ammonium sulfate, treatment vdth cysteine, and frac- 
tionation by pH variation. Tlie entire procedure is carried out in a cold 
room at 2-5°, with a few exceptions specificall}'- mentioned. 

1. Preparation of Acetone Poiodcr — 1 kilo of anterior lobes of beef 
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pituitaries (which are stored frozen) is ground at room temperature in a 
mechanical meat grinder to a fine mash (with addition of 250 cc. of water 
for rinsing purposes). The material is then refrozen and reground. The 
ground material is added to 6 liters of acetone at 2-5°, and the mixture is 
stirred for 2 hours and then allowed to settle overnight at —10°. The 
supernatant fluid is separated by syphoning, the rest of the acetone is 
removed by quick filtration, and the procedure repeated. Supernatant 
fluids are discarded. The filter cake is dried quickly between filter papers, 
and is then spread on the bottom of a large desiccator (no drying agent) 
which is connected with the house vacuum, for 3 days at 2-5°, and finally 
1 day at room temperature. The resulting product, designated “acetone 
powder,” has a pale pinkish tinge. When kept drj^ it can be stored 
at —10° for at least a year without loss of growth hormone potency. 
Yield, approximately 230 gm. 

2. Alkaline Extraciion with Calcium Hydroxide — ^The acetone powder 
(230 gm.) is ground and then suspended in 8 liters of cold water. A sus- 
pension of calcium hydroxide (30 gm. of CaO per liter) is then added with 
' stirring until the pH reaches 11.2 to 11.5 (glass electrode). Approximately 
320 cc. are necessary. Stirring is continued over a period of 24 hours. 
Then, 50 cc. of a calcium chloride solution (100 gm. of CaCb per liter of 
water) are added and -carbon dioxide gas is passed through the mixture 
with stirring to bring the pH to 8.5. The mixture is allowed to stand for 
1 to 2 days for sedimentation of the insoluble material. The supernatant 
fluid is then removed by syphoning and the residue filtered overnight 
through Filter Cel (Buchner funnel). The filter cake is washed with 
about 1 liter of water. The dark brown supernatant fluid and filtrate 
combined are called the “calcium hydroxide extract." This extract can 
be stored in the frozen state, but, usually, step (3) is carried out immedi- 
ately. Yield, approximately 62 gm. 

S. Precipitalion with Ammonium Sulfate — Solid ammonium sulfate is 
added slowly with stirring to the calcium hydro.xide extract imtil the solu- 
tion is 0.5 saturated. Stirring is continued for 1 hour; the mixture is then 
allowed to stand for 1 to 2 days for sedimentation of the precipitate. The 
^pematant liquid is removed by syphoning, and the rest of the mixture 
is filtered through hardened filter paper (Buchner funnel), with only a 
low vacuum in the initial stages. The supernatant fluid and filtrate are 
discarded. The precipitate is redissolved at pH 9 to 9.5 in appro.ximately 
one-fourth of the original volume, insoluble material is removed by cen- 
trifugation, and the precipitation with ammonium sulfate is repeated, this 
time at 0.45 saturation, preferably bj’’ adding .saturated ammonium sulfate 
solution. The precipitate is suspended in as little water as possible, and 
dialyzed through cellophane against distilled water in a rocking dialyzer. 
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After complete removal of inorganic salts the mixture is centrifuged. If 
sedimentation is not satisfactory, it can be improved by adjusting the pH 
of the mixture to 6.5 vdth a few drops of 0.1 n HCl. The sediment, which 
contains practically all the growth hormone, is dried in a vacuum desic- 
cator over anhydrous sodium hydroxide or phosphorus pentoxidc at room 
temperature. The supernatant liquid is discarded. The dry product 
which usually contains some gra 5 ’'-brown pigment is designated the "globu- 
lin fraction.” Yield, approximately 16.3 gm. 

4. Treatment xoith Cysteine — This step is carried out at room tempera- 
ture. The hormone and cj'^steinc are first dissolved separately, both at 
relatively high concentrations. For solution of the globulin fraction, 
16.3 gm. are suspended in 100 cc. of water, and N NaOH is added to bring 
the pH to 9 to 10. After being liomogenized as far as possible, the mixture 
is centrifuged, and the residue dissolved with an additional 100 cc. of water 
and N NaOH. A C 3 "steine solution is then made bj’- suspending 20 gm. 
of cysteine lij'^drocliloride in 40 cc. of water and adding slowlj’’ the necessary 
quantitj'- of N NaOH (cooling with ice water). The hj^drogen ion concen- 
tration of both solutions is then adjusted to pH 8 to 8.5, and the ej’-steine 
solution added to the hormone solution. The resulting mixture is kept 
in a tightly stoppered flask for 24 hours. A pinkish gel is formed as a 
result of the reaction. The mixture is then diluted with water to 1 liter, 
is centrifuged, and the precipitate is reextracted first with 500 cc., then T^dth 
300 cc. of water. The residue is discarded. Wlien the combined super- 
natant fluids are kept at 3-5° overnight in contact with air, some cystine 
is sedimented which can be removed bj’" decanting and centrifuging. An 
equal volume of saturated ammonium sulfate solution is then added. The 
precipitate formed is separated from the supernatant fluid by centrifuga- 
tion, is suspended in as little water as possible, and dialyzed. During 
dialysis a sediment is formed which contains practically all the growth 
hormone, and in addition, frequently some cj'stine wliich is removed during 
the follomng step. The clear supernatant fluid is removed by centrifuga- 
tion and discarded, and the precipitate dried in a desiccator. The drj'' prod- 
uct, designated the “cysteine-treated globulin fraction” has a grayish 
tinge. Yield, approximately 6.7 gm. 

5. Fractionation by pH Variation — ^This part of the procedure is out- 
lined in the scheme shown in Diagram 1. It consists in principle of an 
"isoelectric” precipitation at pH 6.5 to 6.7, approached from the alkaline 
side, at which most of the growth hormone is precipitated, followed by a 
precipitation at pH 5.0 to 5.5 approached from an acid medium, under 
which conditions most of the growth hormone activity remains in the 
supernatant fluid and appreciable quantities of growth-inactive substances 
are precipitated. The material soluble at pH 5 to 5.5 is then concentrated 
by ammonium sulfate precipitation. 
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The procedure is conducted in detail as follows: The cysteine-treated 
globulin fraction is suspended in water (6.7 gm. in about 100 cc.) and 
dissolved by adding the necessary amount of 0.1 n NaOH. The cysteine- 
treated preparation usually is not completely soluble. The insoluble 


Diaoiiam 1 

Scheme of Fractionation by pH Variation* 
Cysteine-treated globulin fraction 

pH 9-10 
pH 6.7 


Supernatant fluid 


Ppt. 


pH 8-9 

i 

pH 3-i 

I 

pH 6.0-5.5 


I 

Supernatant fluid 
( 

! 

Ppt. 

1 

0.6 saturated ammonium sulfate 


r ■ 

Supernatant fluid 

i 

Ppt. 



1 

Dialysis 

1 


Supernatant fluid 


Ppt. 


Repetition of entire procedure with minor modifications 
Repetitions of individual steps are not indicated. 

part is removed by centrifugation and is, after ree.xtraction at pH 9 to 10, 
iscarded. The combined supernatant fluids are diluted so that the 
protein concentration is 1 to 1.5 per cent. Hydrochloric acid (0.1 n) is 
en added slowly, until pH 6.7 is reached. Appreciable precipitation 
occurs. The mixture is allowed to stand a few hours and then centrifuged, 
ost of the growth hormone potency is contained in the sediment. The 
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supernatant fluid is discarded. The sediment is redissolvcd udth as little 
0.1 N NaOH as possible (protein concentration approximately 0.5 per cent), 
and then acidified slowly with 0.1 N HCl, passing through the isoelectric 
range, until the precipitate formed is redissolvcd (at pIT 3 to 4; never 
below 3). The solution is immediately rendered less acid, 0.1 N NaOH 
being added slowly as pH 5.0 to 5.2 is approached. Appreciable pre- 
cipitation occurs. The mixture is centrifuged after J to 1 hour, and the 
supernatant fluid, wliich contains most of the growth hormone potency, 
is neutralized. In order to repeat this step, the precipitate is redissolved 
with 0.1 N NaOH (protein concentration approximate!}" 0.5 per cent), 
again acidified to pH 3 to 4, and the solution again immediately made less 
acid, this time being adjusted to pH 5.3 to 5.5. The precipitate formed is 
removed by centrifugation and discarded. The combined supernatant 
fluids are neutralized, and an equal volume of saturated ammonium sulfate 
solution is added. The precipitate formed, M’hich contains practically the 
entire gro'wth hormone activity, is suspended in as little water as possible 
and dialyzed. 

After completion of the dialysis of the ammonium sulfate precipitate, 
the entire procedure is repeated with minor modifications. From this 
stage, subsidiar}" fractions are saved, since they ma}' contain appreciable 
amounts of growth hormone. The repetition of the first step of the pro- 
cedure, precipitation at pH G.7, is conducted at a slightly higher protein 
concentration (1.5 to 2 per cent). The precipitate formed at pH 6.7 is 
redissolved with 0.1 n NaOH, acidified to pH 3 to 4, and then immedi- 
ately rendered less acid as before, except that this time, 0.1 n NaOH is 
added only to approximately pH 4.5. The next step, precipitation of 
inactive substances, is this time conducted at a slightly higher pH according 
to McMeekin’s teclmique of rotating, dialysis (2). A cellophane bag is 
filled with the solution and rotated in 0.02 m phosphate buffer at pH 5.8. 
After completion of the dialysis the sediment formed is removed by 
centrifugation, and the supernatant fluid is again made half saturated 
Avith ammonium sulfate. The precipitate is sedimented by centrifugation, 
suspended in as little Avater as possible (complete solution is not necessary), 
and dialyzed. After complete removal of electrolytes, the whole contents 
of the bag are colleeted, without separating the sediment from the super- 
natant fluid, since both fractions contain growth hormone and since the 
potencies of the two fractions are usually not much different. They 
represent the final product of the purification and are designated “purified 
growth hormone.” Yield, approximately 500 mg. 

DISCUSSION 

Fractionation Procedure — ^Beef anterior pituitary lobes only were used as 
starting material, since a comparison of the growth hormone activities 
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extractable under identical conditions from anterior lobes of beef pituitaries 
and from whole pituitaries of hog and of sheep had indicated that the 
most potent extract and the highest yield in activity were to be obtained 
from beef glands (potencies and 3061(38 of the extracts both decreasing in 
the order, beef, hog, sheep). 

Step (1) of the purification procedure, treatment of the ground gland 
tissue with acetone in the cold, was adopted, since it was obserx^ed that 
handling of the material was marked^ facilitated, without any loss in 
potency; insoluble material settled more readily, facilitating removal of 
supernatant fluids by’' syphoning and filtration. In this way’, centrifuga- 
tions of large quantities of liquids, as used formerly, were replaced by 
procedures which required only’ a fraction of the time. An additional 
advantage was the fact that filtration allo'U’s a more complete separation 
of supernatant flmds from precipitates than ordinary’ centrifugation. 
These improvements concern all steps in ■which large quantities of fluid are 
handled. 

Step (2), the calcium hydroxide extraction, was carried out as described 
by Fraenkel-Conrat ei al. (3). The total unitage recovered was similar 
to that reported premously, but the y’ield in gm. was somewhat higher and 
the potency’ per mg. coiTespon<3ingly’ lower. 

Step (3), the preparation of the globulin fraction by precipitation with 
ammonium sulfate, represents a modification of the former procedure 
described by Evans et al. (4). No attempt was made to remove protein 
at 0.2 saturated ammonium sulfate, as described formerly, since it was 
found that appreciable quantities of growth hormone might be lost in 
this precipitate, ■without impro'ving the potency of the globulin fraction. 
Instead of four successive precipitations with ammonium sulfate as recom- 
mended previously (4), only two were carried out. Several lots 'W’ere 
earned through ivith even only one ammonium sulfate precipitation, and 
the resulting globulin fractions were not much different in yield or potency 
rom those obtained by the standard method of two successive pre- 
cipitations. 

Treatment of the globulin fraction with cysteine (step (4)) was carried 
out essentially as described by Fraenkel-Conrat et al. (3), with only’ minor 
modifications. The yield was found rather variable. In our experience 
oglycolic acid was not found as satisfactory’ as cy’steme for this step in 
0 preparation of groirth hormone (3). At similar molar thiol concen- 
rations, an appreciable portion of the growth hormone actmty' was 
es royed; at lower reagent concentrations, biologically’ active contamina- 
tions were not so well removed. 

tion'*^^*^*^ Ptirification of the growth hormone was achieved by fractiona- 
0 y pii variation. In a solution containing a mixture of proteins, suc- 
ossne shifts in pH cause precipitation of different proteins, since iso- 
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electric points and, therefore, minimum solubilities lie usually at different 
hydrogen ion concentrations. This makes possible a separation of the 
various components of the mixture. In such a fractionation it is impor- 
tant to standardize all experimental conditions rigorously, since the pre- 
cipitation of a protein is influenced by many factors. These include not 
only the solubility of a given protein in its pure state, as a function of pH, 
but also the nature and concentration of electroljdcs present, and tempera- 
ture. In a mixture of proteins the nature and concentration of each of 
the individual proteins present maj' also influence solubility. It is par- 
ticularlj’" important, whether, when the hj'drogen ion concentration is 
adjusted, a given pH is approached from the alkaline or acid side, and whe- 
ther regions are passed during shifts of pH in which other components of 
the mixture are precipitated, and whether the change in pH is brought 
about gradually or quickly. Thc.se factors play a decisive rdle, since 
the growth hormone appears to be easily adsorbed on precipitates of other 
proteins and carried down at hydrogen ion concentrations at which it 
would be completely soluble when in a state of higher purity. This may 
explain differences in pH values reported for the isoelectric point of growth 
hormone by different investigators (3, 5). 

Step (5), the fractionation by pH variation, was adopted in accord with 
these considerations. It consisted essentially in a precipitation at pH 
6.7, approached from the alkaline side, in which most of the growth hor- 
mone was precipitated, followed b.v a precipitation at pH 5.2 to 5.8, ap- 
proached from the acid side, in which most of the growth hormone re- 
mained in solution, but other proteins were precipitated (Diagram 1). 
An ammonium sulfate precipitation followed for concentration of the 
product. 

During dialy.sis of the final ammonium sulfate precipitate, sedimenta- 
tion always occurred within the cellophane bag. Usually the precipitate 
was not separated from the supernatant fluid, since both fractions were 
found very active, and since the difference in their potencies was small. 
Onlj'- in a few instances were the two fractions separated bji- centrifuga- 
tion, and it was observed that the supernatant fluid was more potent when 
the protein concentration of the contents of the dialysis bag was below 
0.7 per cent but that the precipitate was more potent when the protein 
concentration was above 1.5 per cent. 

Growth Hormone Potency — Table II summarizes the growth hormone 
potencies of the products at each step of the fractionation. Individual 
lots varied considerably; the A'alues shown represent aA^erages from many 
repetitions of the procedure. 

The globulin .fraction was approximate^' 3 times as potent as the cal- 
cium hydroxide extraet, this potency being somewhat superior to that of 
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the L fraction as described previoaslj’ (4), and similar to that reported 
by Fracnkel-Conrat cl al. for such fractions (3). 

The growth hormone potency of the cysteine-treated globulin fraction 
was similar to that of the untreated globulin fraction, although it contained 
markedly fewer contaminants. The cysteine-treated preparations con- 
tained somewhat more inert material than those described previously (3). 

These impurities (some of protein nature and some cj'stine) were easily 
removed in step (5) in which approximately a 6-fold increase in potency 
was achieved. The best preparations of the final product obtained had 
a potency of about 200 [GU]hr,* which corresponds to a dailj' dose of 5 t 
necessary to produce a body weight increase of 1 gm. per day in hj-po- 


Table II 

Purificalion of Growth Hormone. Average Yields and Potencies of Products of 

Individual Steps 


Step of purification 

Vitld per 
kib anterior 
lobes 

PotenQ' 

1 of product 

Total 

activitjr 

recovered 


fW. 

ICtflnS’ 


1. Acetone drying 

230 



2. Calcium hydroxide c.xtraction 

62 

8 

500,000 

3. Ammonium sulfate precipitation 

16.3 ' 

24 

390,000 

4. Cysteine treatment 

6.7 

26 

170,000 

S. pH fractionation 

0.5 

130 

65,000 


* IGUIei = grOB-th hormone units per mg. of hormone preparation in a 10 day test 
in hypophysectomized rats. 

t GPbi = growth hormone units in a 10 day test in hypophysectomized rats. 


physectomized rats. The average growth hormone potency of these prep- 
arations was 100 to 150 [GU]hr- 

Contamination with Other Anterior Pituitary Hormones — Besides growth 
hormone potency, freedom from other pituitarj" hormones was considered 
an important criterion for purity, and the products of steps (3), (4), and 
(5) of the procedure were assayed, not only for growth hormone, but also 
for FSH, ICSH, thyrotropic and lactogenic hormones, and for ACTH. 
The results are summarized in Tables 111 and IV, the values representing 
averages from many lots. 

Table III indicates that the globulin fraction contained appreciable 

* The growth hormone potency was determined by means of a standardization 
curve described recently (1). The slope of this line which was established repeatedly 
at different stages of the purification of the growth hormone remained practically 
constant. This slope has not yet been redetermined for the fraction obtained by 
the last step of the procedure here discussed. 
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amounts of all other generally “accepted” anterior pituitary hormones, 
with the exception of FSH. After cysteine treatment, the concentrations 
of the remaining contaminants were markedl^'^ reduced. ICSH and 
lactogenic hormone were practically completely removed, and the concen- 


Table III 

Contamination of Groioth Hormone Preparations with Other Pituitary Hormones 


Growtli hormone preparation 

Highest dose level nt which preparation was found 
negative for contaminating hormone* 

FSH 

ICSH 

1 

Lactogenic 
hormone I 

’n)>To- 

tropic 

hormone 

ACTH 

Globulin fraction 

Cysteine-treated globulin fraction 

Purified growth hormone 

me. 

4.5t 

lO.Ot 

lO.Ot 



me. 

1.25 

6.0 

10. Of 

me. 

2.0 

7.5 

lO.Of 


* The assay used for lactogenic hormone was the systemic crop test in immature 
pigeons; all other hormones were assayed in hypophysectomized rats, 
t Higher levels were not tested. 

t The value for contamination by lactogenic hormone refers to the cysteine- 
treated globulin fraction from which purified growth hormone was derived. The 
latter has not been assayed in pigeons as yet. 


Table IV 

Contamination of Purified Groioth Hormone with Other Pituitary Hormones 


Contamination by 

Highest total dose 
of purihed growtli 
hormone found 
negative for 
contamination* 

Total minimum 
eficctivc dose of 
best preparation of 
contaminating 
hormone* 

Conthmination 
of puriCed growth 
hormone 


mg. 

m;. 

fer cent 

FSH 


0.004 


ICSH 


O.OOS 

BPH 

Lactogenic hormone 


(0.1) 


Thyrotropic hormone 


0.03 


ACTH 

10.0 

0.05 

0.5 


* The assay used for lactogenic hormone was the sj’stemic crop test in immature 
pigeons; all other hormones were assayed in hypophysectomized rats. 

t The value for contamination by lactogenic hormone refers to the cysteine- 
treated globulin fraction from which the purified growth hormone was derived. 
The latter has not been assayed in pigeons as yet. 

tration of tlij-rotropic hormone was significantly diminished, in agreement 
with former observations (3). Contamination of the cysteine-treated 
preparations tvith ACTH was smaller than reported previously, a total 
dose of 7.5 mg. being usually negative for ACTH (4 daj’- test in hypo- 
physectomized rats). 
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The final product of the purification was so low in physiologically active 
contaminants that a total dose of 10 mg. did not cause any demonstrable 
stimulation of ovaries, thyroids, or adrenals in hypophysectomized rats 
(4 day test, Tables III and IV). Even the cysteine-treated globulin 
fraction was so free of lactogenic hormone that 20 mg. did not stimulate 
the crop sac in the immature pigeon (systemic crop test). On the basis 
of these results and mth the values for the minimal effective doses’ of the 
best preparations of the other pituitaiy hormones now available, it is 
possible to calculate maximum values, expressed in per cent, for the con- 
tamination of the growth hormone preparations with the other “accepted” 
pituitary hormones. In Table IV, these values are given for the purified 
grov'th hormone. 

Recovery of Potency — In the present study the state of purity of the final 
product (as determined by growth hormone activity per mg. of substance 
and by freedom from “contaminating” hormones) was considered more 
important than its yield. Procedures which permitted advance in the 
purification accordingly were adopted, even if yields were not satis- 
factory. Approximately 500,000 GUhr (hypophysectomized rat units) 
were extracted with calcium hydroxide from 1 kilo of beef anterior lobes, 
and approximately 65,000 GUhr were recovered in the final product (Table 
II). The actual yield in growth hormone activity is probably better than 
appears from these values, for the following reason. The products of the 
initial three steps of the purification contain appreciable amoxmts of syner- 
gistic factors, especially thyrotropic hormone (6). These fractions, there- 
fore, contain actually less growth hormone than is apparent from bioassays. 
The synergistic factors are removed to a large extent during the purifica- 
tion procedure, and bioassays of the final product give a more accurate 
measure of the actual growth hormone concentration. 

It is unlikely that the relatively low yield is due to destruction of activity 
during the purification procedure. Only step (4), the cysteine treatment, 
may cause inactivation of a small part of the hormone. A relatively 
larger portion of the activity goes into subsidiary fractions from which it 
can be recovered. As far as recovery of other pituitary hormones is con- 
cerned, no attempt was made in this investigation to purify other active 
principles simultaneously, and, therefore, the method of purification erf 
the growth hormone discussed here should not be compared with pro- 
cedures in which several of the pituitary hormones are prepared simul- 
taneously (5, 7). 

Properties of Purified Growth Hormone Preparations 

The purified growth hormone has all the properties typical for proteins. 
According to its solubility in ammonium sulfate solutions it would be 
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classified as a globulin. At. oarlicM- stages of the i)iii-ification procedure, 
most of the growth hormone activitj' is precipitated at pH 6.0 to 7.5 in 
solutions having a low salt content. Upon further purification the hor- 
mone appears to become increasingly soluble and docs not precipitate 
completel}’’ under these conditions, even at protein concentrations of 1 to 
1.5 per cent. The possibilitj' exists that the pure hormone is more soluble 
than it ai^pcars to be in the preparations obtained so far, and that it is 
easilj’' adsorbed and carried down on other proteins of globulin nature 
present in the preparations. For this reason, it would hardly seem ad- 
visable to elassifj’' the growth hormone as a euglobulin, as proposed bj' 
others (5), until quantitative solubilitj' mea.surcments have been carried 
out with purer preparations. Sucli determinations have as yet not been 
conducted, since electrophoresis measurements in the Tiselius apparatus’ 
have shoATO that the purified preparations here described still consist of 
two components, one of which represents approximately GO to 70 percent 
of the total. For the same reason, anal 3 'ticnl chemical studies have been 
postponed. 

No deterioration of the purified product was demonstrable when it was 
kept for a period of a j’^ear as a dry poAvder in vacuo at 3-5°. In hormone 
solutions, it is of course of great importance to inhibit bacterial groAA'th, 
in order to prevent loss of activity. Storage in the frozen state Avas found 
impractical for this purpose, since it caused loss of an appreciable part of 
the potencj’' of purified preparations. Instead, butyl alcohol Avas added 
to 1 to 2 per cent as a bacteriostatic. Such solutions can be injected into 
rats in 1 cc. quantities AAdthout any injurious effects. Stability of the 
groAVth hormone in solution depends on manj^ other factors, such as tem- 
perature, hj'drogen ion concentration, hormone concentration, presence 
and concentration of other proteins, inorganic salts, oxj'gen, etc. At 
3-5°, neutral solutions AA'crc stable for several AA’eeks. At pH 3.0 or beloAV, 
practically all groAvth hormone potencj" was lost AA’ithin 12 daj’s at this 
temperature; at pH 4.0, no demonstrable destruction of actiAuty occurred 
Avithin 6 daj^s, but some potencj" AA"as lost after a period of 8 days. In 
alkaline solutions, the hormone appeared to be relatiA"elj" more stable. 
The high initial pH of 11.2 to 11.5 of the calcium hj"droxide extraction 
(step (2)) did not have anj" injurious effects, as far as could be estimated. 
Heating of a neutral hormone solution (globulin fraction) for 1 hour at 80° 
destroj"ed an appreciable portion of the potency, and immersion in boiling 
AA"ater for hour decreased the activity markedlj", AA"ithout causing anj" 
precipitation. 


' Kindly carried out by Dr. C. H. Li. 
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SUMMARY 

A procedure is described for the purification of growth hormone from 
beef anterior pituitary lobes, consisting of the following five steps; desic- 
cation of the gland tissue ivith acetone, extraction vdth calcium h 3 'roxide, 
precipitation with ammonium sulfate, treatment vdth cj'steine, and further 
fractionation by pH variation. 

The final product had a potency of approximately 130 growth hormone 
units per mg. (hypopbysectomized rat units). Compared with the 
calcium hydroxide extract, this represents approximately a 16-fold in- 
crease in potency. 

The final product contained less than 0.05 per cent of the follicle-stimu- 
lating hormone, less than 0.1 per cent of the intemtitial cell-stimulating 
hormone, less than 0.3 per cent of the thyrotropic hormone, less than 0.5 
per cent of the lactogenic hormone, and less than 0.5 per cent of the 
adrenocorticotropic hormone. 
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FERRITIN 

II. APOFERRITIN OF HORSE SPLEEX 
By S. GRAXICK and LEONOR MICHAELIS 
(From the Laboratories of The Rockefeller Instilule for Medical Research, New York) 

(Received for publication, November 3, 1942) 

In Paper I of this series (1) it has been shown that ferritin, although 
crj’Stallizing readily as a cadmium salt, is, in the dissolved state, not a 
homogeneous protein as judged from its behavior on centrifugation, from 
the phase rule solubility test, and from a noticeable if small variability 
in the percentage of Fe, P, and N in various samples. It is the purpose 
of this paper to describe a procedure by which the iron of ferritin can be 
removed and an iron-free, colorless protein prepared, which is homogeneous 
and crystallizes under the same conditions and ndth the same crystal form 
as ferritin. This protein mil be referred to as apoferritin. The inhomo- 
geneity of ferritin will become understandable from this study. 

Crj’stals of ferritin and apoferritin are shown in Fig. 1. 

Removal of Iron and Formation of Apoferritin — IVhen the iron of ferritin 
is reduced from the ferric to the ferrous state in a solution not acid enough 
to denature the protein (f.e. below pH 4) yet acid enough to be compatible 
uith the existence of ferrous ions in solution, the ferrous ion may be com- 
bined either ivith o-phenanthroline or with a , a'-bipj’ridine to form a tightlj' 
bound water-soluble and dialyzable ferrous complex. The reduction can 
be brought about by sodium dithionite (Na:S 204 , sodium hydrosulfite). 
The inability of Kuhn, Sorensen, and Birkofer (2) to reduce the iron even 
with hydrosulfite, except under conditions in which the protein is denatured, 
may be explained by the fact that the reduction is slow and that, unless 
the pH of the solution is kept decidedly acid, ferrous ion may not be de- 
tectable. For example, when sodium dithionite is added to a ferritin 
solution in the presence of o-phenanthroline at pH 4.6, the pink color of 
the ferrous complex appears immediately. At pH 5.4 the formation of 
the complex takes place more slowly, and at pH 7.0 only traces of it are 
formed. By carrjdng out the reduction in a dialysis bag at pH 4.6 in the 
presence of bipyridine or phenanthroline and subsequently dialyzing away 
the ferrous complex, ferritin can be freed from its iron. Eventually there 
results a colorless protein solution which, on addition of cadmium sulfate, 
gives rise almost immediately to colorless crystals of the same shape as 
the brown ferritin crystals. They show in solution the u-sual color tests 
for proteins. If the crystallization is accomplished in a solution from 
which only part of the iron is removed, the crystals are accordingly more 
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or less pale brown. It is possible to obtain crystals ranging from deep 
brown to colorless with an iron content of from 23 per cent to 0 without any 
variation in the crystal form. Evidcntl}'' the ability to crystallize as a 
cadmium salt is a property of the colorlc.ss apoferritin alone, and does not 
depend upon, or is not interfered with, bj’ the combination of thisprotein 
with iron.' 

Details of Preparation of Apoferritin — Two modifications of the method 
will be described. The first was used (or the majoritj' of our preparations. 
The other was developed only recently. It has the advantage of requiring 
much less bipyridine, but the yield of apoferritin seems to be somewhat 
smaller. 



Fig. 1. Left-hand, ferritin (brown); riKht-hnnd, apoferritin (colorless); X 250. 


Method 1 — 15 cc. of a ferritin solution, containing 3 per cent ferritin in 
diy weight, are placed in a cellophane bag of 1 cm. diameter, together with 
100 mg. of powdered a,a'-bipyridine (which is somewhat more satisfactory 
than o-phenanthroline). The cellophane bag is suspended in a narrow 
glass tube of 100 cc. capacity containing acetate buffer of pH 4.G and ionic 
strength p = 0.05. A current of nitrogen, freed from oxygon, is bubbled 
through the outer solution. When the oxygen content has decreased 
sufficiently, 100 mg. of Na:S 204 are added to the outer solution; the nitrogen 
is kept bubbling overnight. The iron, in the form of the pink bipyridine 

' X-ray .studies by Dr. I. Fnnkuclien, whicli will be published later, show that the 
arrangement of the protein molecule is identical in crystalline ferritin and crystalline 
apoferritin. 
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ferroES complex,- diSuses out of the bag. The bag is then dialyzed against 
distilled water imtil the diffusate is colorless. Now another portion of 
bipyridine is added and the whole procedure repeated. By this time the 
originally dark coffee-brown solution has faded to a pale brown. From 
this solution, crj'stals of ferritin with a largely diminished iron content are 
obtained by adding a solution of CdSOi, enough to make the final concen- 
tration of tWs salt about 5 per cent. These pale 5'ellouish broum ciystals 
are dissolved in a 2 per cent ammonium sulfate solution and again sub- 
jected to the whole procedure. Finally, a colorless solution is obtained 
which, on addition of cadmium sulfate, jdelds crystals of apoferritin, color- 
less, iron-free, but in shape indistinguishable from those of brown ferritin. 
The crystals are not always entirely colorless. A few times they hap- 
pened to be very pale yellow, which may have been due to a slight con- 
tammation vith a decomposition product of the bipj-ridine, formed when 
the solution was not acid enough. Attempts to remove the colored ad- 
mixture by recrystallization or by other means were unsuccessful. 

Method 2 — In this method only one treatment with hydrosulfite and 
one with hydrosulfite plus bipjTidine are required. 

40 cc. of a 1.6 per cent ferritin solution are placed in a cellophane bag 
of 1 cm. diameter. This bag is inserted into a long glass tube, 2.5 cm. in 
diameter and 150 cc. in capacity, filled with acetate buffer (as noth Method 
1). 1 gm. of sodium dithionite is added vith a few glass beads and the 
tube is stoppered tightly, inclusion of air bubbles being avoided. After 
24 hour's of intermittent stirring the brown solution becomes pale yellow. 
(The pH of the outside solution then was 5.23.) The bag is now dialyzed 
for 24 hours against running distilled water and the contents are treated 
with cadmium sulfate, whereby pale yellow crystals are yielded. They 
are dissolved, placed in another cellophane bag containing 300 mg. of 
aia'-bipj-ridine, and the bag is placed in a tube containing the acetate 
buffer and sodium dithionite as described for Method 1. The bag is 
allowed to stand for 24 hours with occasional stining. It is then removed 
from the tube and dialyzed and finally the apoferritin crystallized with 
cadmium sulfate. 

Physical Properties of Apoferritin — Ultracentrifugation of apoferritin’ 

’ a, a'-Bipyridine can be readily regenerated from the Fe-bipyridine complex out- 
side the bag by concentrating the iron complex, making it 2 x rvith respect to XaOH, 
and steam-distilling off the bipyridine. The distillate is made acid, evaporated doum 
to a small volume, made alkaline, and extracted with ether. The ether solution is 
dried with anhydrous Xa;SO« and evaporated over concentrated H-SO, in racno. 
The bipyridine is dissolved in a small amount of hot alcohol, filtered, and precijii- 
tated by adding water. The product is pure white; m.p. G0.o°. 

* Tlie uUracentrifugation of apoferritin will be described in detail by Dr. lit otlien 

in another paper of this series. 
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shows that this iron-free substance, in sharp contrast to ferritin, is to the 
extent of 99 per cent a homogeneous protein with a molecular weight of 
about 500,000. The remaining heavier protein, amounting to 1 per cent, 
may be consiidered as an impurity. 

The property of reversible precipitation by heat, such as was described 
for ferritin, is not shown by apoferritin. However, like ferritin, its solu- 
tion is irreversibly denatured and coagulated above 80°. Apoferritin is 
salted-out with ammonium sulfate in the same range as ferritin (i.c. be- 
tween 15 and 30 gm. of the salt per 100 cc. of solution) and cr^'stallizes with 
cadmium sulfate under the conditions which are also best for crystallizing 
ferritin. 

Insertion of Iron into Apoferritin — A. successful synthesis of ferritin 
from apoferritin and a suitable iron compound should be expected to 
clarify the constitution of ferritin. An essential part of this task is to dis- 
cover the kinds of iron compounds that can combine with apoferritin to 
form ferritin. Since in ferritin there is almost 1 iron atom for each peptide 
group, Kuhn et al. ha\'c suggested that each peptide group of the protein 
may be linked with 1 molecule of ferric hydroxide, presumably of the 
composition FeOOH. The ultracentrifuge experiments on ferritin, how- 
ever, indicated that the iron might be present in the form of colloidal iron 
hj'droxide micelles which are loosety bound to the apoferritin molecules. 

Direct interaction of apoferritin ndth ferric chloride or ferric ammonium 
sulfate did not result in the formation of ferritin, but only in the coagula- 
tion of the protein. Various kinds of colloidal ferric hydroxide solutions 
which were tested also lacked the property of combining with apofenftin 
in the desired manner. All of them precipitated in the presence of 5 
per cent cadmium sulfate. A detailed description of the various iron 
solutions used will be omitted here in view of the negative results. They 
Avill be characterized in a later paper dealing with various kinds of ferric 
hydroxide. Suffice it to say that the various colloidal solutious tested 
differed in color, electric charge, particle size, and magnetic susceptibility. 
Organic colloidal iron compounds, prepared with j’east nucleic acid, egg 
albumin, or horse globin, were also tested, all of them without success. 
The only way that has been found of synthesizing ferritin from apoferritin 
is as follows: 

It has been mentioned (1) that horse spleen always contains more non- 
hematin iron than corresponds to the ferritin content of the spleen. After 
ferritin is removed by crystallization with cadmium sulfate, there remains 
a brown mother liquor which cannot be made to yield further crystals. 
It contains a brown, colloidal, non-diatyzable iron compound which was 
designated in Paper I as “non-ciystallizable ferritin.” When this brown 
solution is mixed with apoferritin, addition of cadmium sulfate causes the 
almost immediate formation of typical brown ferritin crj-^stals. It is likely, 
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therefore, that a specific colloidal iron compound present in “non-cr 3 's- 
tallizable ferritin" combines with apoferritin to form ferritin crj'stals. 
When the brown solution of “non-ci^'stallizable ferritin” is added not to 
a solution, but to a suspension of apoferritin crystals xmder a cover slide, 
the crj’stals do not stain brown except perhaps at the surfaces. On the 
other hand, when a dilute solution of crystal violet is added to the sus- 
pension of apoferritin crystals, the crystals are rapidly and intensely 
stained throughout. This indicates that the iron in "non-ciy'stallizable 
ferritin" is in a colloidal state and is not able to diffuse into the crystal 
lattice spontaneously. 

Analysis of Apoferritin — The analytical data on dialyzed apoferritin, 
dried for hours at 80° and for 3 hours at 110°, are those of atypical 
protein: N (Kjeldahl) 16.1 per cent, total S (Carius) 0.97, C 51.3, H 7.09, 
ash 0,91, P (colorimetric, phosphomolybdate) 0.03, Cd (dithizone titration) 
0.73, Fe (colorimetric, phenanthroline) less than 0.01. 

Because apoferritin is precipitated by cadmium sulfate, it seemed de- 
sirable to know whether any of the sulfur is sulfate ion, tenaciously clinging 
to the protein even after long dialysis. The following experiment was 
made to clarify this problem. A solution of apoferritin was precipitated 
■with 5 per cent trichloroacetic acid. It may be e.xpected that any sulfate 
ion clinging to the precipitated protein would be displaced by trichloro- 
acetic ion and the freed sulfate could then be detected in the supernatant 
liquid. Xo sulfate was found, however, except for the slight trace con- 
tained in the trichloroacetic acid itself. 

Itecovery of Apoferritin from Ferritin — ^Ferritin Solution IX made from 
ciystalline material and dialyzed and containing a total of 25.56 mg. of 
N, was treated uith bipyridine and sodium dithionite as in Method 1. The 
two crj'stallizations with cadmium sulfate were prolonged to 48 hours. 
The crystals of apoferritin were centrifuged dowi and dissolved in a 2 per 
cent XacSO< solution. A slight residue, looking like a denatured protein, 
was removed by centrifugation. The solution contained 21.5 mg. of N 
(Kjeldahl). This is a recoverj- of 84.2 per cent of the nitrogen of the 
starting material. 

In another experiment, from a solution of 320 mg. of ferritin containing 
34.2 mg. of nitrogen, 85.4 per cent of the protein nitrogen was recovered 
as apoferritin by the same method. If one assumes that the nitrogen 
remaining in the mother liquors of the two crj’stallizations is also apofer- 
ritin nitrogen, the recovery would rise to 92 per cent. 


Total N in original ferritin solution 34.2 

“ “ “ apoferritin crystals 29.3 

“ “ “ Mother Liquor I (from 1st cry6talliz.ition) 1.30 

" “ " “ “ II (from 2nd rcciystallization) 0.95 
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By iMethod 2 in one experiment a recovery of 75 per cent of the nifrogen 
was obtained. 

Colloidal Iron Coinpound in “No)i-Crystallizahlc Ferritin '’ — analysis 
of “non-crystallizable ferritin,” i.c. the brown mother liquor remaining 
after the crystallization of ferritin- (sec (1), Table III, Preparation VII), 
reveals that the relative nitrogen, phosphorus, and iron values donotdiffer 
appreciably from ferritin itself. It is likely that the iron in that brown 
.solution is present as a colloidal ferric hydro.vide, the micelles of which may 
contain, to some extent, anionic constituents other than OH, and that these 
micelles are loosely attached to proteinaceous material, including some 
denatured apoferritin. There is no method available as j'et for separating 
the colloidal ferric hydroxide from its concomitant material, other than to 
withdraw it by its siiecific affinity for apoferritin. From the evidence 
presented in Paper I (1), it is likely that the ferric hydro.vide micelle con- 
tains all the pho.sphorus of ferritin, wliich is in the ratio of 1 P to 8 or 9 Fe. 
This specific colloidal iron compound is characterized by two distinctive 
physical properties. One is its magnetic susceptibility, which has a very 
unusual value for a ferric compound. This will be discussed in a later 
paper. The other property is its ability to withstand coagulation by salts, 
especially by 5 per cent cadmium sulfate. 

DISCU.SSION 

One of the obvious problems which presents itself is how the iron atoms, 
which make up 23 per cent of the dry weight of ferritin, are attached to the 
protein. The facts presented in the preceding pages are scarcely com- 
patible with the hypothesis proposed by Kuhn ct al. that each iron atom is 
attached to one peptide group of the protein; that is to say, that the iron is 
atomically dispersed throughout the protein. The facts against .‘:uch a 
hj'pothesis arc these. Tlie splitting of the brown iron-containing proteui 
into a colorless, iron-free protein and an iron-containing residue can be 
brought about merely bj”^ ultra centrifugation. The solution of fenltin 
does not behave, on ultracentrifugation, as a homogeneous solution. On 
the other hand, sjmthesis of ferritin occum when apoferritin is mixed A\ ith 
“the specific iron solution” which obviously contains the iron not in a 
molecularly dispersed form but in a colloidal state. The crystal form is 
independent of whether apoferritin is iron-free or more or less saturated 
with iron. The facts presented here are compatible with the assumption 
that in the crystals of apoferritin the interstices are filled with micelles 
of the specific iron compound. In solution, the micelles adhere to the 
protein molecule but the binding is so loose that they can be separated 
merely bj’ centrifugal force. Our hj'pothesis is also compatible A\ ith the 
inhoniogeneity of ferritin demonstrated in the phase rule solubilrt\' test, 
and with the variability of its composition with respect to Fe, K, and P. 
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The property which renders the colloidal iron hydroxide present in the 
“non-crystallizable ferritin” alone suitable for the combination with apo- 
ferritin cannot be stated as yet. However, no other iron compound 
was found to be able to combine with apoferritin in the desired manner. 
I^Tiether this specific property is due to a specific spatial configuration of 
an iron hydroxide micelle or, in part, to some unknoivn anionic constituent 
of the micelle cannot be decided as j'et. 

That inhomogeneity of a ferritin solution does not show up on electro- 
phoresis is a remarkable fact which still awaits an e.xplanation, but it is not 
contradictorj' to the fact that inhomogeneity is shown by other methods. 

In conclusion, it may be pointed out that apoferritin is a homogeneous 
protein which, in spite of its high molecular weight, lends itself to rapid 
ciystallization as a cadmium salt. 

SU.MMARY 

Ferritin, a protein of brown color, containing over 20 per cent of iron 
in the ferric state, and crystallizable as a cadmium salt, can be freed from 
its iron by reduction to the ferrous state and removal by dialysis after 
combmation with a,a'-bipyridine. An iron-free, colorless protein solu- 
tion results from which the protein crystallizes in the presence of cad- 
mium sulfate in the same crystal form as does ferritin. This colorless 
protein is designated as apoferritin. It is, in contrast to ferritin, a homo- 
geneous protein. Ferritin can be regenerated from it by mixing apofer- 
ritin with the brown mother liquor remaining after crj'stallization of fer- 
ritin. This mother liquor contains iron in a colloidal state which has not 
yet been fulh’’ characterized. No other iron compound was found to be 
able to combine with apoferritin to form ferritin. As regards the structure 
of ferritin, it is suggested that the iron is not atomically dispersed in fer- 
ritin, but that micelles of some iron compound, essentially ferric hydroxide, 
fill the interetices of the apoferritin .structure. 
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INFLUENCE OF ADEENALECTOilY AND OF ADRENO- 
CORTICAL STEROIDS ON LDHER ARGINASE* 

By HEINZ FRAENKEL-CONRAT, MIRIAM E. SIMPSON, and HERBERT M. 

EVANS 

{From the Institute of Experimental Biology, University of California, Bcrheky) 

CReceived for publication, September 8, 1942) 

The recent finding that hypophysectomy causes a striking decrease in 
the liver ar^ase in rats and that this process can be reversed by the ad- 
ministration of adrenocorticotropic hormone (1)‘ indicates an important 
role for the adrenal in the hormonal control of arginase activity. It there- 
fore appears of some importance to investigate which of the crystalline 
adrenocortical hormones could be held responsible for this action. Quali- 
tative and quantitative differences in the activities of these steroids have 
already been demonstrated in recent yeara (2, 3). It has become evident 
that the presence or absence of an ox 3 'gen atom on Cu and on Cit is of 
decisive influence on the type of activity to be expected. For this reason 
steroids mth and ndthout such oxygen atoms were included in this study. 
This was made possible because of the kind interest of E. C. Kendall in this 
problem; we were thus able to obtain an adequate supply of steroids with 
an oxygen atom on Cu; Le., Compounds B, A, and E (corticosterone, 
ll-deh 5 'drocorticosterone, and ll-deh3'dro-17-h}'dro.xj'corticosterone). As 
a representative of the other class, 11-desoxj'corticosterone was available 
in the form of the acetate (DOCA). However, the low solubilitj- of this 
substance in aqueous media, when compared with that of corticosterone, 
might be held to invalidate attempts to compare the effects of these two 
substances and it therefore appeared desirable to use a more soluble deriva- 
tive of desoxj'corticosterone. This was made possible through the kind 
conveyal of a small amount of desoxj'corticosterone sodium succinate bj' 
Dr. C. R. Scholz of Ciba Pharmaceutical Products, Inc. 

Experimental Conditions and Methods 

Immature female rats were emploj’ed. They received hormone treat- 
ment for 3 da 5 's (in one case 4 daj's) before autopsj'. Normal rats were 
used when 24 to 26 daj's old, hjqjophj'sectomized rats at the age of 33 to 35 

* Aided by grants from the Research Board of the University of California, the 
Rockefeller Foundation, New York, and Parke, Davis and Company, Detroit, 
We wish to acknowledge assistance from the Work Projects Administration, Official 
Project No. OP-65-14)8, Unit .45. 

’ Fracnkel-Conrat, H., and Evans, H. M., .4m. J. Physiol., in press. 
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days, and adrenalectomizcd rats at the age of 40 daj’s, botli types being 
operated upon when 26 to 28 days old. The rats were fasted for 7 to 8 
hours preceding autopsy (starting at 8 a.m.) except in trvo experiments in 
wliich the rats were fasted 24 hours, starting at 1 p.m,= Preceding the fast, 
food in the form of a wet paste was given ad lihilum, except in one e.xperi- 
nicnt in whicli treated and control rats were fed identical amounts of diet 
by stomach tube. The hormones were administered either in sesame oil 
subcutaneously,® two or three times daily, or orallj', i.e. both in solution 
in the drinking water and mixed with the diet. Hypophysectomized rats 
of the t)T3e used drink so ampl}' that administration with the drinking 
water insured a sufficient suppl}' of hormone, even in the case of the very 
insoluble DOCA. To administer sufficient amounts of the various com- 
pounds orally to normal rats which drink considerably less, the steroids 
were also introduced into the diet, either by using their aqueous solution 
for the usual wetting of the diet or by mixing arid homogenizing the drj' 
diet in an ether solution of the steroids, then allowing the ether to evap- 
orate, and w'ettmg the diet to a paste as usual. Tire latter method was 
used in an experiment in which it was important to insure the administra- 
tion of identical amounts of hormone to each animal of several groups of 
rats which were being fed b}' stomach tube only (Table III, A). Mliile 
it has been recognized that the steroids with an oxygen atom on Cn are if 
anything more active w’hen given orally than parcnterally, the effective- 
ness of DOCA upon oral administration has been questioned on the basis 
of experiments in which this hormone was given in sesame oil once daily 
by stomach tube (4). Evidence will be presented elsewhere^ confirming 
Gvollman’s finding (5) that the almost continuous oral administration of 
the hormone mixed with drinking water and diet leads to the e.xpected 
hormonal effects. Since in most e.xperiments only the average arginase 
content of the pooled livers of groups of three rats was determined, it also 
appeared of importance merel 3 " to establish the average amount of hormone 
consumed dailj'- by each group of rats, thus obviating the need for indi\1d- 
ual cages. To determine the variabilitj’- in the arginase content of indi- 
vidual rats within groups, single livers were analyzed in a number of 
experiments. In those cases equal dosage was insured either bj' parenteral 
administration or bj'^ giving the hormone mixed with the food bj' stomach 
tube. In such experiments it w'as found that, in groups of four rats, a 
positive difference (increase) of 33 per cent and a negative one of 25 per 

- The arginase of untreated rats is 30 per cent higher after S hours tlian after 24 
hours fasting (Fraenkei-Conrat and Evans, unpublished e.vperiments). 

’ Sesame oil alone was found to have no effect on liver arginase at the doses used. 

■* Fraenkel-Conrat. H., Proc. Soc. Exp. Biol, and Med., in press. 
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cent were statistically significant (P < 0.05); an increase of 50 per cent 
was found highly significant (F < 0.01). 

The rats were anesthetized with sodium amytal before excision of the 
livers. Tlie.se were partly used for glycogen determination.s,^ while 0.4 
to 1 gm. of each liver was immediatelj'- placed on ice for arginase assay. 
In the rats which had been operated on, complete removal of the pituitary 
or adrenal was ascertained before the liver samples of a given group were 
pooled, those from animals in which removal of the organs was doubtful 
or incomplete being omitted. The liver tissue was broken up into a fine 
suspension in a Waring blendor, with 100-fold of water; arginase deter- 
minations on the centrifuged solutions were carried out accoriling to the 
method of Takehara (6). The arginase activity per gm. of liver wa.s ealeu- 
lated and expressed in units according to Edibacher and Rothler (7). 
Since activators were neither added nor removed from the liver extract.-^, 
the determinations give a measure of arginase activity rather than of tht' 
concentration of the enzyme in these livers. Whenever in this disens.-iion 
arginase content or concentration is mentioned, reference is made to the 
naturally activated arginase or the arginase activity encountered in the 
tissue. Since the ratio of liver weight to body weight did not vary greatly 
in similarly fasted groups and since the arginase content of organs other 
than the liver is comparatively small, this method of expressing activity 
of liver arginase permits comparative estimates of the total argina.se of 
various types of rats. Actually, in the groups included in this paper, the 
livers of normal rats, fasted for 8 hours, varied in weight from 3.9 to 4.7 
per cent of the bodj' weight, in hypophy.sectomized rats from 3.4 to 4.1 
per cent. The onlj' definite changes in relativ^e liver weight were the 
increases produced by high doses of Compound E; the livers of the.se rats 
averaged 5.3 and 4.7 per cent of the body weights re.speetively for normal 
and hypophysectomized rats. 

Results 

The experimental results are summarized in Tables I to It i.« evi- 
dent that Compound E (17-hydroxj’-ll-dehydrocorticosterone) caused 
striking increases in the concentration of liver arginase of hypophysectom- 
ized and adrenalectomized rats, with lesser effects in normal rats. The 
lowest dose (0.3 mg. daily) produced a border line effect but dosages of 
0.4 to 0.9 mg. regularly produced increases of 50 to 100 per cent in hypophy- 
sectomized rats. In both normal and hypophysectomized rate, the high- 
est doses of Compound E were found slightly less effective in increasing 

‘Fraenkcl-Conrat, H., Herring, V. V., Simpson, M. E., iind Evans, H. M., un- 
puhlisliod experiments. 
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liver arginaso concentration tiian lower ones; iint at these high levels, liver 
weights were found increased and calculation of the total liver arginase of 

Tabu; I 

Effect of Adrenal Slcroids on Liver Arginase Content of Ilypophgscctomizcd Rats, 

Fasted for S Hours 

InTniaturc females (three per group), 20 to 28 days old at operation, were used; 
treatment was begun 1 week following operation. The hormones were administered 
for 3 days. 

Arginase is expressed in the units defined by Edlbacher and Uothler (7). 


Hormone compound 

Daily 

Arpins^c 
per pm. liver 

Carbo- 
hydrate 
content per 
I(K) jpn. rat 
weifjhlt 

Body 

weight 

chanpe 

Thymus 

weipht 

ChflnRc 


me. 

UHtls 

f>er cftii 

me. 


me. 

E (17-hydro.\ydchydrocorticostcrone) 

1.1 0. 

1840 

+39f 

580 

-7 

81 


0.9 “ 

2060 

+56 

416 


65 


0.6 “ 

2540 

+93 

405 

-2 

135 


0.6 S. 

2190 

+66 

373 

+1 

98 


0.3 O. 

1660 

+26 


-6 

IIS 

A (dehydrocorticostorone) 

0.6 S. 

2070 

+57 

331 

-2 

119 


0.6 0. 

2380 

+80 

339 

-4 

150 


0.5“ 

2290 

+74 

346 

-4 

139 

B (corticosterone) 

0.4 “ 

2110 

+60 

233 

-5 

177 

DOCA (desoxycorlicosterone acetate) 

3.0 S. 

1940 

+47 

426 

+6 

146 


1.5“ 

1550 

+17 


+2 



0.5“ 

1080 

-18 


0 



0.5 0. 

1090 

-17 

293 

+4 

167 


0.3 “ 

1160 

-12 


-2 

168 

Deso.xycorticosterone sodium succin- 

0.9 “ 

1450 

+10 

264 

-1 

147 

ate 







Controls (11 groups) 


1320 


231 

0 

167 


* O. indicates administration with the drinking water, S. subcutaneous injection 
in ses.ariie oil distributed over two or three daily doses. 

t Calculated from determinations of muscle and liver glycogen and blood sugar 
(to be reported by Fraenkel-Conrat, Herring, Simpson, and Evans), assuming that 
muscle glycogen and blood sugar are both distributed over 50 per cent of the body 
weight (S). 

f Livers in this group weighed 4.7 per cent of body weight, in controls 3,S per cent. 
The total liver arginaso was SGOO units in the treated and 4400 units in the control 
group; i.c., an increase of 96 per cent. Liver weights were not determined in the 
group receiving 0.9 mg. of Compound E. They were found similar to the controls in 
all other groups. 

these animals, rather than of the enzyme concentration, indicated also in 
these groups what appeared to be maximal effects obtainable within 3 days. 
Corticosterone and its dehydro derivative (Compounds B and A) were 
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tested and found effective in producing similar increases at dosages of 0.4 
to 0.6 mg. daily in hypophysectomized rats, Avbile in normal rats 0,3 and 
0.6 mg. of Compound A were ineffective. MOjen similar dosages of Com- 
pounds A and E were given by two different methods, administration with 
the drinking water was found slightly superior in both cases to subcuta- 
neous iniection in sesame oil. 

In contradistinction to the effectiveness of the hormones vath an oxygen 
atom on Cu, the derivatives of desoxycorticosterone caused no significant 
increases in liver arginase in any type of rat at similar dose levels.® At 

Table II 

Efftcl 0 / Adrenal Steroids on Liver Arginase Content of Normal Rats, Fasted for 8 Hours 
Immature females (three per group), 24 to 26 days old at onset of treatment. The 
hormone mas administered for 3 days, either mi.ved with the diet and drinking water 
(0.) or in sesame oil distributed over 3 daily injections (S.). 


Honnone 


Arginase 
per gm. liver 

Catbo- 1 
hydrate j 
content per 
lOOgm. rat 

1 weight 

Body 
i weight 
change 

, Thymus 
wejgftt 


Change 

1 

1 


per cen/j 

ns- j 

1 

1 

Pig, 

Compound E ! 

1.2 0. ' 

3210 

+13*1 

784 , 

-2 

39 


0.3" 

3740 

1 +32 i 


+7, 

m 

'' A 

0.6 S, 

2630 

-7 


+11 

151 


0.3 0. 

3070 

+8 i 


+12 

213 

DOCA 

3.0 S. 

2220 

-22 


+13 

161 

Desoxycorticosterone sodium succin- 

1.3 0. 

2840 

0 

380 

+9 

216 

ate 







Controls (2 groups) 


2840 


353 

+8 

a)3 


* The livers in this group weighed 5.3 per cent of body weight, in the controls 4.4 
per cent. The total liver arginase is 17,000 units in the treated group, 12,000 in the 
control; t.e., an increase of 42 per cent. Liver weights were not affected by the treat- 
ment in any other group. 

low doses, DOCA actually produced decreases in the liver arginase concen- 
tration of hypophysectomized rats, as well as at a higher level in normal 
rats. IITiile these decreases were not very pronounced, they appeared of 
possible significance in view of the fact that pituitary growth hormone has 
been shown to cause decreases in liver arginase.* Of the adrenal hor- 
mones, DOCA appears to favor increases in body weight, while those 

* In one experiment a high dose of DOCA (3 mg. daily ) caused 47 per cent increase 
in liver arginase in hypophyseeiomieed rafs. It .appears significant that in this, 
as also in regard to the maintenance of carbohydrate stores during fasting (see foot- 
note 5), DOCA proved one-fifth to oncAiighth ns effective as corticosterone and 
similar compounds. 
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compounds with oxygen on Cn linvc the opposite tendency ((2, 3), also 
Table I). It seems conceivable that the observed decreases in arginase 
activity are non-specific and that they might naturally accompan}' any 


Table III 


Effect of Adrenal Steroids on Liver Arginase Content of Ilypophyscctomizcd and 
Adrcnalcctomizcd Rats, Fasted for S4 Honrs 
Immature females, 2G to 2S days old at operotion. Hormone treatment (A) for 
4 days, starting 6 days after hypophysectomy; (/?) for 3 days, starting 14 days after 
adrenalectomy. All rats in (B) received 1 per cent NnCl solution to drink during 
the precxpcrimcntal period, and in all but one group during the period of hormone 
treatment. O. oral; S. subcutaneous. 


Hormone* 


Dally dose 


Arpinase per pm. 
liver 


I Chanpc 


Carbohy* 

Body 

clfalc con- 

lent per 

weipht 

too pm. rat 
weipht 

chanpe 


Thymus 

wciphl 


(A) Hypophysectomized rats on identical food intakef 



nt. 

units 

per cent 

nt. 

trt. 

nt. 

Compound E (4) 

0.66 0. 

1660 

+70 

227 

-4 

56 

DOCA 

0.65 “ 

1000 

+8 

208 

-3 

Kgl 

Controls (4)t 


930 


236 

-1 

■fU 

Normal controls (5) 


1860 

-t-100 

338 

-4 

150 


(B) Adrennlectomizcd rats, maintained on 1% NaCl 


Compound E (5) 

1.0 S. 

1090 

-fS5 

289 

+11 

329 

DOCA (4) 

1.0 " 

730 

-f24 

268 

+15 

368 

Controls (4) 

Salt, ns above 

590 


211 

+5 

389 

" (2) 

Without salt for 

4 days 

580 


221 

+2 

348 

Normal controls (5) 

On salt 



279 

+6 

365 


* The figures in parentheses indicate the number of animals per group. Individual 
livers were analyzed in this experiment. The individual arginase concentrations 
were 1430, 1470, 1830, 1910 units (Compound E); 740, 9S0, 1100, 1180 units (DOCA); 
670, 800, 1060, 1180 units (hypophysectomized controls). 

t The hormone was mixed with the diet (only 3 gm. per day) and administered by 
stomach tube approximately every 8 hours; only 0.4 and 0.15 mg. of Compound E 
and DOCA, respectively, were given during the fasting period, in aqueous solution 
by stomach tube. 

I The average arginase content of eighteen groups of livers of similar rats fed ad 
libitum preceding the 24 hour fast is 1000 units per gm. 


positive nitrogen balance with its concomitant disuse of the urea-forming 
enzyme systems. Conversely, the increases in arginase provoked by Com- 
pounds A, B, and E might well be secondary to an increased rate of gly- 
coneogenesis and protein catabolism, leading to a negative nitrogen bal- 
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ance. The question poses itself, do hormonally produced changes in 
arginase activity represent homeostatic adjustments to changes in nitrogen 
metabolism or are they primary in nature, leading secondarily to the 
changes in the nitrogen metabolism? Two findings favor the latter inter- 
pretation. Thus pronounced increases in liver arginase were obtained 
even with levels of the steroids inadequate to -stimulate sufficient glyco- 
neogenesis for the maintenance of carbohydrate stores during fasting 
(Table I, corticosterone; Table III, A, Compound E). Further, arginase 
was also found to be increased by Compound A in two groups of rats which 
were not fasted and were in nitrogen balance.’ Thus it would appear 

Tabce IV 

Effect of Gonadal Steroids on Liver Arginase Content of Hypophyseelomized Ratst 

Fasted for 8 Hours 


The rats were ot the same type as in Table I. The hormones were given sub- 
cutaneously in sesame oil. 


Hormone 

Daily dose 

Arginase per gm. Hver 


Change 


rng. 

units 

fier cent 

Estradiol dipropionatc 

0.5 

980 

-26 

it U 

0.01 

1360 

+3 

" benzoate 

0.5 

1300 

-2 

Progesterone 

0.5 

1620 

■fl5 

Testosterone propionate 

0.5 

1670 

-1-27 

« U 

0.5 

1490 

-H3 

*t u 

1.0 

1490 

-1-13 

Controls (from Table I) 


1320 



probable, though by no means proved, that corticosterone-like compounds 
directly effected changes in arginase activity which in turn produced or 
contributed to an increased rate of protein catabolism and glyconeogenesis.® 

In view of the influence of diet and food intake on liver ar^ase concen- 
tration (10), it appeared important also to study the effect of adrenal 
steroids in rats receiving identical amounts of food. Thus hypophysec- 
. tomized and normal control rats were fed only by stomach tube for 4 day’s 

' Hypophysectomized rats received 0.3 mg. of Compound A orally for 3 days. 
The treated animals consumed more food anti excreted correspondingly more nitro- 
gen. Their carbohydrate stores were found increased at autopsy (450 mg. per 100 
gm. of rat, compared to 350 mg. in the controls); body weights remained unchanged in 
all rats. Liver arginase of the treated rats was 40 per cent higher than in the con- 
trols. 

* Evidence for a similar action of adrenal steroids on amino acid oxidase has been 
reported (9). 
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liroccding a 21 liour fast, ('’J'alilc III, -'1). Also unclcf tlicsc conditions, 
Compound 10 jn'ocluccd a grca(, increase in tlie liver arginasc of the hy- 
pophyscctoniizcd animals, causing it to aiiproach the level in normal rats, 
while DOCA showed no significant effect, 

A number of gonadal steroid liormoncs have been included in this study 
for purposes of comparison. None of these was found to have consistent 
or iironounccd effects when administered at levels comparable with those 
emploj'cd with the adrenal steroids (1'able IV). After these experiments 
had been completed, an article appeared reporting increases in arginase 
activity following prolonged administration of testosterone propionate to 
castrated rats (11). An insignific.ant tendency in this direction appears 
also in our experiments which differ in many respects from those quoted 
above. On the basis of the demonstration by Edlbacher ct al. (12) of 
arginase activity in tumor tissue, Kochakian and Clark (11) attempted to 
correlate the observation of an increase in arginase activity with the pre- 
viously demonstrated nitrogen retention and growth effects of testosterone. 
This appears untenable in view of all our recent findings concerning hor- 
monal control of liver arginase in a standardized test object; growth was 
always found to be accompanied by decreases, protein catabolism by in- 
creases in this enzyme system.” It appears probable that the increase of 
liver arginase from high doses of testosterone may be due to its chemical 
resemblance to the adrenal steroids or be mediated by another endocrine 
gland. 

The striking ability of certain adrenal hormones to increase the liver 
arginase concentration of rats indicated the importance of studying the 
effect of adrenalectomy on this enzyme S 3 'stem. Liver arginase was there- 
fore determined in immature adrenalcctomized rats, 17 days after the 
operation (Table III, B). All rats received 1 per cent sodium chloride to 
drink for 2 weeks after the operation and, as is usual, continued to grow 
under this treatment. The adrenalectomized rats were then divided into 
four groups, three of which were continued on salt, while one received only 
tap water and a salt-free diet. Two of the salt-treated groups received 
1 mg. daily of Compound E and DOCA, respectively. A control group, 
not operated on, was given salt rvater to drink. All rats were fasted for 
24 hours preceding autopsy. Analyses of their livers indicated a pro- 
nounced decrease in activity of liver arginase following adrenalectomy, 

* While arginase has been demonstrated to be associated with rapidly growing 
tissues (12), it seems to occur there only in small amounts, as compared with its 
concentration in mammalian livers. Its function also appears to be entirely differ- 
ent in tumor and in liver tissue. It has never been claimed by Edlbacher and his 
associates that increased liver arginase accompanies general growth processes, but 
only that this enzyme can be detected in tissues of high mitotic activity. 
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lowering it to one-third that of the normal rats; these levels are even below 
those observed following hypophysectomy. Salt treatment alone did not 
effect a change, while a slight rise was produced by DOCA and a pro- 
nounced increase bj’- Compound E. 

DISCUSSION 

A considerable body of knowledge concerning the differential activities 
of various adrenal steroids has accumulated in the last few years and has 
been summarized in recent reviews (2, 3). The presence of an oxygen 
atom on Cu was found greatly to increase the capacity of these steroids 
to cause the changes in carbohydrate and protein metabolism characteristic 
of the adrenal cortex. Increased rate of glyconeogenesis and protein 
catabolism, contrainsular, “diabetogenic,” glycostatic, and glj'cotropic 
activities have all been described. These and several other effects which 
are not so clearlj' coimected with this group of phenomena, such as in- 
creased work performance in the Ingle test, thymus atrophj", etc., arc 
produced much less effectively if at all bj' desoxycorticosterone and the 
amorphous fraction. 

’ To the series of related carbohydrate and protein metabolic effects of the 
adrenal, another has now been added in the demonstration of the de- 
pendence of liver ar^ase activitj’- upon the adrenal. It has also been 
showm that an oxygen atom on Cu is favorable to, if not essential for, the 
action of adrenal steroids in bringing the liver arginase of hj'pophysec- 
tomized or adrenalectomized rats back to normal or increasing it to super- 
normal levels. On the other hand the presence or absence of an ox 3 'gen 
atom on Cu did not appear to affect this activity. The amount of hormone 
needed for the arginase effect has been found to be similar to or possibly 
slight!}' lower than that necessary' to produce the other changes. There 
are indications that the arginase-increasing action (probably' in conjunction 
with effects on other enzyme systems) is primary and responsible for many' 
of the metabolic effects of the adrenal cortex which have been previously' 
recognized and described. 

Attention may be drawn to the similarity in the effects of cortical steroids 
and of the pituitary' adrenocorticotropic factor in the control of liver argi- 
nase. Here, as in all other aspects, the pituitary principle resembles in its 
action those adrenal steroids which have an o.xy'gen atom on Cu, rather 
than desoxy'corticosterone. Swann (13) in his interesting rei'iew' of the 
pituitary-adrenocortical relationship has classified the functions of the 
adrenal cortex as slightly, partially', or greatly influenced by the pituitary' 
gland. From knowledge which has since accumulated, it appears as if all 
adrenal functions which are greatly' influenced by' the pituitary'- can be 
reproduced by' administration of the steroids with an oxygen atom on Oil, 
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and less effcctivelj' if at all bj' other hoiinonal components of adrenal 
extracts. It Vv’onld thns appear that the hypophysis controls primarily 
the secretion of a hormone or hormones stiucturally related to corti- 
costerone; i.e., containing an o.xygcn atom on Cn. 

SU^^MAnY 

1. Adrenalectoni}' was .shown to caii.se a marked decrease in the arginasc 
activity of rat livers, exceeding that which has been observ'cd following 
hypophysectomy . 

2. Administration of small amounts of corticosterone, 11-dehydro- 
corticosterone, and ll-dehy’dro-lT-hydimycorticosterone produced in- 
creases of the liver arginasc in normal, hypophyscctomizcd, and adrenal- 
ectomized rats. 

3. Desoxycorticosteronc, administered at similar dose levels, was shown 
to have no or a slight arginase-dccrcasing action in all three types of rats. 

4. No significant effects were irroduccd bj' male and female sex hormones 
at similar dosages. 

5. Attention was directed to the probability that the effect of the adreno- 
cortical hormones on certain enzyme systems, such as that here studied, is 
basically responsible for the role of this gland in the control of carbohydrate 
and protein metabolism. 
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A NEW METHOD FOR THE MICRODETERMINATION OF 
IODINE IN CERTAIN BIOLOGICAL MATERIALS 

By BAHMAN K. SHAHROKH 

(From the Department of Bacteriology, University of California, Berkeley) 

(Received for publication, September 25, 19i2) 

In the course of studies on antigen-antibody reactions, noth iodoproteins 
as the antigen, it was realized that a quick, accurate method for the 
determination of iodine would be of great value. With this purpose in 
mind a number of powerful oxidizing agents were studied, and it was 
found that potassium chlorate in sulfuric acid would give excellent results. 
After studies with regard to the most suitable quantities and optimum 
ratios of these two reagents, a standard method was developed which is 
described in this paper. The procedure should not be considered as 
absolutely rigid. The quantities of sulfuric acid and potassium chlorate 
as well as their ratio can be changed to suit the purpose. 

The method is simple to operate, and does not require any special equip- 
ment. Many samples can be run at the same time and determination can 
be completed in a short period of time. Small quantities of reagents are 
used which can easily be freed from iodine,’ thus minimizing the danger 
of iodine contamination. Digestion is carried out at comparatively low 
temperatures, so that no loss of iodine occurs due to vaporization. It has 
the accuracy of 0.8 y for one determination,- 0.5 y for the average of two 
determinations, and 0.2 y for the average of three determinations. 
Any percentage of iodine in the compound can be determined, as long as 
the dry weight of the sample does not exceed 30 mg. This method is not 
readily adapted to the analysis of blood or tissues whieh contain certain 
metals, e.g. iron or manganese, but it will probably be a reliable and use- 
ful procedure under appropriate circumstances for many routine analyses 
upon a well knowi type of material. Although the writer has successfully 
used this method for iodoproteins containing as high as 13.1 per cent 
iodine, the method is not as convenient as the Groak permanganate 
oxidation for iodoproteins containing over 5 per cent of iodine. Its chief 
advantage lies in the analysis of material containing from 0.05 to I per 
cent of iodine; e.g., for analysis of thyroid preparations. Even so, it isnot 
so accurate as the Kendall-Hunter method, which, however, requires an 
hour’s time and much more material. 

Sulfuric acid can be made iodine-free if concentrated sulfuric acid is bailed for 
minutes. Potassium chlorate can be purified by dissolving it in boiling water, and 
>en a owing it to cool and crystallize. Crystallization is carried out three times. 
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In this method the material to be analyzed is digested with potassium 
chlorate in sulfuric acid,= which at the same time oxidizes the iodine in the 
compound to iodic acid. Soon after heating, chlorine oxides are pro- 
duced which decompose at higher temperatures, leaving a clear colorless 
liquid. After dilution the traces of chlorine arc removed from the solu- 
tion, and the iodine is relcascd by the addition of pota.‘;.sium iodide solution 
and determined by titration with sodium thiosulfate. 

Method 

One to twelve samples can be run at a time. The digestion is carried 
out in micro-Kjeldahl digestion flasks. As chlorine will be evolved, care 
should be taken to prevent it from escaping. If inverted rubber stoppers 
are placed around the necks of the flasks, which arc then fitted tightlyinto 
the tube of the digestion rack, no diflTiculty is encountered. The vacuum 
in the tube of the digestion rack should not be more than a few cm. of 
mercury; otherwise frothing and bumping may occur. 

2 ml. of sulfuric acid (concentrated, sp. gr. 1.84, diluted with an equal 
volume of distilled water) are added to each of the digestion flasks, fol- 
lowed by 1 ml. of the liquid to be analyzed.’ If the sample is in solid 
form, 1 ml. of distilled water should be added with the sample. Owing 
to the fact that the sample should be in contact with the reagents during 
digestion, care should be taken that no largo particles of solid matter are 
left on the sides of the flask. The quantity of potassium chlorate to be 
added depends on the solid content of the sample. For each 10 mg. of 
dry matter 0.25 gm. of potassium chlorate^ is added, the limit being 
0.75 gm.’ 

Heat the flasks very gently until the liquid becomes green. Continue 
heating for about 2 minutes (for 0.500 gm. of potassium chlorate heat for 
5 minutes, for 0.750 gm. heat for 10 minutes), after which the flame can 
gradually be increased. If there is any bumping, the flame should be 
lowered. Boil the liquid until the color fades away and white fumes start 

* If potassium chlorate crystals arc brought in contact with concentrated sulfuric 
acid, a mixture of chlorine oxides and their acids is produced which is highly ex- 
plosive; if, however, the sulfuric acid is diluted 2 or 3 times, as long as 
the potassium chlorate content does not c.xcced the limit of 0.750 gm., the mixture 
can be handled with safetj'. 

’ If there is a possibility of inorganic iodide being present, in order to avoid loss of 
inorganic iodine it is better to add the reagents without the sample. Heat until the 
green color is produced, cool fori minute, add the sample, and proceed with digestion. 

• If the potassium chlorate is iodine-free, this amount ean be measured by volume 
of the solid instead of the weight. 

‘ For higher solid content as much as 1 gm. of potassium ohlorate can be added 
without any danger if an extra ml. of wafer is added to the mixture and the heating is 
carried out with great caution. 
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to evolve. Continue heating for 1 more minute at the same rate. If the 
green color returns, continue heating until the liquid becomes colorless or 
white. Turn off the flame and leave the flasks to cool. The process of 
digestion takes about 10 minutes for 0.250 gm., 20 minutes for 0.500 gm., 
and 30 minutes for 0.750 gm. of the added potassium chlorate. 

As soon as the flasks are cool enough to permit the addition of water 
without boiling, 10 ml. of distilled water are added to each fla.sk and the 
contents then transferred to 50 ml. Erlenmeyer flasks which have been 
previously marked to the 15 ml. level with a diamond pencil. Wash the 
digestion flasks twice, each time with 5 ml. of distilled water, and transfer 
to the corresponding Erlenmeyer flasks. Add a piece of pumice stone to 
each flask, and boil until the level of the liquids reaches the 15 ml. mark. 
The digestion rack can be used for this purpose. Cool the flasks in shallow 
running water and add a crj^stal of phenol to each flask. Add 1 ml. of 
0.5 per cent solution of potassium iodide and titrate immediately, with a 
.solution of fre.shly prepared 0.001 n solution of sodium thiosulfate. For 
values of more than 0.2 mg. of iodine use 0.01 n solution of sodium thio- 
.sulfate. 1 drop of 1 per cent starch .solution is used as indicator. The 
use of the micro burette will give slightly more accurate re.sults if the 
titration is completed in a short period of time. As will be explained in 
the next paragraph, the period of titration Is of importance in the accuracy 
of results. For this reason an ordinary 5 ml. burette will, to some extent, 
make up for the accuracy of the micro burette because of the speed in 
titration. 

Small amounts of iodine are liberated from the potassium iodide w’hich 
has been added, owing to the high concentration of acid and the probable 
presence of some oxidizing agents. Although the rate of release of iodine 
is very slow, about 0.7 to 1.0 7 in 10 minutes, it is important to time 
all the titrations and finish them at a reasonably constant period of time. 
.As this method is designed to save time, this complication cannot be 
avoided unless special methods are used, such as liberating the iodine %vith 
reducing agents and distilling it over, in which case other methods are 
preferable. Salter ( 1 ), McClendon (2), and Harvey (3) give good reviews 
and references to many methods for microdeteiToination of iodine. Also, 
because of the large quantitites of salts and acids present, the starch does 
not give a very exact end-point. A more accurate end-point can be ob- 
tained, however, if after digestion the flasks are allowed to cool to room 
temperature, and the salts arc precipitated with 5 ml. of 85 per cent 
ethyl alcohol. The precipitate is centrifuged and washed twice with 5 ml, 
of 85 per cent ethyl alcohol. 5 ml. of distilled water are added to the 
supernatant fluid which contains the iodate, and the procedure of the 
dri\ing off of chlorine is followed, only this time care must be taken to 
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Determination of Correction Vahte for Iodine Determinntinn with lodnncctic Acid 
Digestion wns c.iriied out witli 0.25 gin. of poln.'i.siuin eliloriitc. The iodine deter- 
mination was made on 1 ml. of solution in cacli ease. 


(fl) 10.6 mg. iodoacctic acid dissolved in 
distilled water 

100 ml. 

(<) 25.00 ml. solution (.a) diluted to 100 ml. 

0.001 N 
sodium 
thiosulfate 
used 

Iodine 

cQuivalcnl 

Calculated 

value 

Difference 

O.OOi n 
sodium 
thiosulfate 
used 

To<linc 

equivalent 

Calculated 

value 

Difference 

ml. 

mic. 

mg. 

nc. 

mt. 

mg. 

rjf. 

mg. 

3.46 





Ilfii ill 



3.43 





EE il 



3.46 





0.0181 



Average. . . 

0.0728 

0.0724 

-f 0.0001 


0.018-1 



(6) 50.00 ml. solution (a) diluted to 100 ml. 

(d) 25.00 ml. solution (f) diluted to 100 ml. 

1.72 


■■■ 

■mu 


0.0012 



1.74 





0.0050 



1.72 

mm 



0.21 

0.00.50 



Average .... 

0.0364 




0.0047 

0.0045 

-fO.0002 

Correetion value - 

0.0003 









Tahlh II 

Determination of Iodine in Thyroid Tablets 
Small pieces of a thyroid tablet (Sharp and Dohme, Mo. 925) were weighed and the 
iodine content determined. 


Weight 

1 

Iodine 

Iodine after 
correction 

Per cent of io<line 

Difference 

mg. 

mg. 

1 mg. 


mg. 

22.3 




-f 0.0002 

16.4 




-0.0003 

12.7 

0.0114 



-fO.0005 

4.7 

0.0040 



-0.0003 

Average 

• 

0.0S2 



Table III 

Determination of Iodine in Diluted Horse lodoalbumin 


Dilution 

Iodine, average of 

2 determinations 

Iodine after 

1 correction 

Diluted 

Difference 

1 Undiluted ^ 

1 


I ns- 


■■■ 

mg. 





-bO.0004 

2/7 = 0.286 

— 

^KjTxsii^H 


0 

4/49 = 0.0816 

■■ 

0.0096 

■H 

-0.0004 
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prevent the alcohol vapor from igniting. This procedure can also be used 
when oxidizing agents which may interfere with the iodide-iodate reaction 
are present. Small quantities of the salts will, however, be left in the 
solution. 

Owing to the slightly high values obtained in this method, a series of 
controls should be run. The figure obtained can be used for correction 
as long as the sulfuric acid and potassium chlorate stock bottles last. 
Although blanks can be run as controls, it has been found that more ac- 
curate results are obtained if iodine determination is made on known 
quantities of either iodoacetic acid or iodopropionic acid and the average 
differences between the experimental results and the calculated figures are 
used for the correction. Table I gives a satisfactorj' method for the finding 
of the correction figure. Tables II and III give examples of the range of 
accuracy of this method. The writer has run nearly a thousand duplicates 
on iodoproteins and they all fall within the same range of accuracy. Con- 
trols should also be made and correction figures obtained 'for different 
quantities of potassium chlorate. 

The time taken for twelve determinations is to If hours, depending 
on the amount of potassium chlorate used. lATien a great number of 
determinations has to be made, more time can be saved if, while one batch 
is boiling in Erlenmeyer flasks, another batch is being prepared in digestion 
flasks, and while the titrations are made for the first batch, the second 
batch is being digested. In this way the time can be reduced to about 
2 to 2j hours for twenty -four determinations, giving an average of about 
5 to 7 minutes for each determination. 

I wish to express my thanks to Dr. H. Sommer of the George Williams 
Hooper Foundation for Medical Research, San Francisco, for Ins friendly 
criticism of this paper. 
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THE EFFECT OF PROGRESSIVE lODINATION FOLLOVTED BY 
INCUBATION AT HIGH TEMPERATURE ON THE THY- 
ROIDAL ACTHTTY OF lODINATED PROTEINS* 

By E. P. REINEKE, M. B. WILLIAMSON, and C. W. TURNER 
(From the Department oj Dairy Husbandry, University of Missouri, Columbia) 

(Received for publication, October 26, 1912) 

The reports of Ludwig and von Mutzenbecher (1) and Harington and 
Rivers (2) established the fact that thiTOxine can be isolated from h 3 ^drol}'- 
sates of iodinated proteins prepared under rather closely defined con- 
ditions. Little attention was given, however, to the thyroidal effects 
to be obtained without preliminary hydrolysis of the iodinated proteins used. 

Th 5 Toidal responses indicating a relatively low order of potency were re- 
ported for degradation products of iodinated serum albumin by Salter and 
Lerman (3). Similar effects were obtained by oral administration of iodi- 
nated serum albumin itself by Lerman and Salter (4). 

In our early e.xperiments it was found that iodinated casein prepared in a 
medium buffered with sodium bicarbonate exerted thjToidal effects when 
given either orally or by injection. It was demonstrated (5) that, other 
conditions being held constant, the thjwoidal activity of iodinated casein 
increases progressively nith increasing additions of iodine until sufficient 
iodine has been added to combine 2 atoms per molecule of tyrosme in the 
protein. lodination bejmnd this point results in a significant loss of thyroi- 
dal activity. 

In extensive experiments that are being published elsewhere (6), it was 
found that, if tlie iodine input was held constant, and the bicarbonate con- 
centration of the reaction mixture was varied, the attainment of maximal 
thyroidal activity was dependent upon adding sufficient bicarbonate to 
hold the pH yvithin the range of approximately 6.8 to 8,0. Addition of 
insufficient bicarbonate resulted in products with low activity; the use of an 
e.xcess of bicarbonate appeared to have no effect on the result, however. 

All of the reactions up to this point had been conducted at the usual tem- 
perature of 38°. When the concentrations of both the iodine and the sodium 
bicarbonate were held within the optimal ranges thus established, it was 
found (G) that about a 4-fold increase in thyroidal acthdtj' could be obtained 
by incubating the preparatiorus at an elevated temperature of 60-70°. 
Furthermore, this increase would take place whether the protein was first 

Conlribution fmm Uic Dep-irtmcnt of Dairj' ITusb.mdrj', Mi.ssouri Agricultur.sl 
I*xperiment Station, Journal Series, No. 872. 
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iodinatcd, and then incubated at the elevated temperature, or the reaction 
was conducted at the elevated temperature throughout. 

The question then arose whether or not the extent of iodination used 
would liniit the reaction under those new conditions in a manner similar to 
that observed previously. The experiments described in the present report 
were designed to throw additional light on this question. 

EXPEniMENTAD 

The preparations of iodinatcd protein were made up cxactlj' as described 
previously (5) except that the desired amount of iodine was first combined 
vdth the protein at a temperature of 38—10° and the temperature was then 
increased to 70° during the subsequent incubation period of 18 to 20 hours. 

Series I was prepared from casein containing 5.G5 per cent tyrosine, as de- 
termined by the method of Lugg (7). Six difForentpreparationsweremadeup 
with the amount of iodine added, increasing progrcssi\'clyfrom 7.5 to 38 gm. 
per 100 gm. of protein. A so.v bean protein kindl}' supplied by the United 
States Regional Soybean Industrial Products Laboratorj% Urbane, was used 
in preparing Series II. The tyrosine content of this protein was found to 
be 4.22 per cent. Graded amounts of iodine ranging from G.O to 36.0 gm. 
per 100 gm. of protein were added in preparing this scries. 

The thyroidal activity of the iodinatcd proteins of both scries was 
estimated b}-- injection into frog tadpoles, as described in greater detail 
elsewhere (6). Each preparation was tested on ten tadpoles, exactly 40 
7 of iodoprotein from each preparation being injected into the animals of 
its respective test group. Therefore, the per cent decrease in body length 
provides an index of the relative potencies of the various members of the 
series. Three additional groups of tadpoles were injected with a synthetic 
monosodium salt of thyroxine on graded dosage levels, in order to provide 
a reference standard to compute roughly the actual th}Toidal potency of 
the experimental preparations. In order to avoid the effect of varying 
environmental conditions on the tadpole responses, all the animals were 
injected on the same afternoon. 


Results 

Data on the iodination procedure, iodine analj-^ses, and biological assay 
are given in Table I. The results obtained with the new incubation tem- 
perature of 70° run parallel in all respects to the previous observations (5) 
on preparations that were iodinatcd and incubated at 38°. 

Here again, approximately one-half of the iodine is combined with the 
protein until sufficient has been added to substitute 2 atoms per molecule of 
tyrosine. This agrees with the assumption that the principal reaction 
during this stage is the substitution of iodine on tyrosine according to the 
equation, tyrosine -t- 2 I 2 — > diiodotyrosine 2HI. Furthermore, the 
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MilloD reaction becomes negative at this point, giving further evidence 
that tyrosine is the principal constituent of the protein involved. After 
the tyrosine has been fully substituted, iodine is taken up much less rea(hly, 
•with the result that progressively smaller increments of iodine are taken 
up as more is added. 

The biological assay sho'ws that the thyroidal activity starts out at a rela- 
tively low level in both series, gradually increases to the maximum when 
sufficient iodine has been added for substitution of 2 atoms per mole of 
tyrosine, and then decreases markedly ■with excessive iodination. 


Table I 

Effect of Progressive Iodination and Sigh Temperature Incubation on Thyroidal Activity 
of lodinated Proteins 


Series No. 

Prep - 

aration 

No. 

Iodine 
edded 
per 100 
snt. 
protein 

Iodine 
added 
per mote 
tyrosine 

Iodine 

com- 

bined 

Iodine 
combined 
per mole 
tyrosine 

Tadpole 

re- 

sponses 

Per cent 
of 

thyroxiae 

response 

P * 

I. Iodinated casein 

1 

tm. 

7.5 

atoms 

1.89 

per cent 

4.11 

atoms 

1.08 

Ptr cent 

16.2 

4.17 




12.5 

3.16 

5.93 

1.69 

27.2 

6.82 

<1 



19.0 

4.80 

7.55 

2.06 

34.9 

8.60 

<6 



25.0 

6.31 

8.19 

2.25 

21.6 

5.07 

<1 



32.5 

8.21 

8.60 

2.38 

11.8 

3.42 

1 



38.0 

9.60 

9.13 

2.54 

4.6 

2.40 

<5 

n. lodinated soy 

1 

6.0 

2.03 

3.21 

1.12 

14.2 

3.82 


bean protein 

2 

11.5 

3.88 

5.20 

1.85 

21.5 

5.07 

<5 


3 

17.5 

6.35 

6.15 

2.22 

22.9 

5.25 

>5 


4 

23.5 

8.95 

6.51 

2.35 

7.7 

2.92 

<1 


5 

30.0 

10.14 

7.40 

2.70 

2.9 

2.35 

1 


6 

36.0 


7.78 

2.85 

m 

2.32 

>5 


* P ^ the per cent probability that the difference from the preceding member of 
the series ie due to chance variation. 


The significance of the difference bet-ween the tadpole responses in suc- 
cessive members of both series was computed as described bj’’ Snedecor (8). 
The probabilities are given in the last column of Table I. In Series I there 
is less than a 5 per cent chance in all cases that the differenees in thyroidal 
response to successive preparations in both the ascending and descending 
portions of the actiinty scale could be due to chance variations in the assay. 
In Series II, Preparations 2 and 3 were not found to be significantly differ- 
ent, probably because the degree of iodination was too low for maximal 
actmty in Preparation 2 and too high in Preparation 3. However, both of 
these preparations showed significantly higher activity than the prepara- 
tions that were iodinated to either a greater or less extent. 

In both series there is far higher thjToidal activity at the optimal level of 
iodination and a much more pronounced decline in activity as iodine is added 
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in excess of this point than was observed earlier in products made up at the 
temperature of 38° tivroughout. 

As a quantitative standard for estimating the total t}i 3 'roidnl effect of the 
iodinated protein preparations, monosodium tlijTOxino was dissolved vith 
the aid of a minimal amovint of NaOH solvjtion and injected into three 
groups of ten tadpoles at the levels of 1 , 2, and i y respectively, per animal. 
The average responses in ascending order of dosage were 2.7, 24.0, and 35.4 
per cent. The response to a given preparation of iodinated protein was 
then computed as the percentage of the response to thjToxine, as described 
by Reineke and Turner (G). ff'he results arc included in Table I. In 
Series I the thyroidal activiti' increases with incrc.asing iodination from 4.17 
to 8.5 per cent of that of thyro.xinc and then declines to 2.4 per cent. A 
similar trend is shown bj' the iodinated soj' bean protein of Series II, al- 
though at a somewhat lower level of i)otcnc}'. The bulk of tlie evudence 
accumulated to date indicates that the formation of thjToxine from non- 
descript proteins depends upon the iodination of tyrosine, followed by its 
conversion into thyroxine. Inasmuch as the tyrosine content of the casein 
used in Series I was 5.G5 per cent as comimvcd to 4.22 per cent tyrosine in 
the soy bean protein, it would be expected tliat the casein preparations 
would have higher activitj' at a given level of iodination. 

DISCUSSION 

The present report fullj^ confirms our previous finding that the formation 
of iodinated proteins with maximal thj'roidal activitj’ is dependent upon 
limitation of the iodine input to an amount sufficient only for substitution 
of 2 atoms per molecule of tj-rosine. Tliis is true when the process is carried 
out entirelj'^ at 38° as well as when the iodination mixture is incubated at 70 . 

The preparations treated with optimal iodine concentrations and incu- 
bated at high temperature have uniformlj- shown surprisingly' high thyroidal 
activity when assajmd by injection into tadpoles. Preparation 3, Series I, 
was found to have an apparent activity of 8.5 per cent that of thj'roxine. 
In other experiments (6) avc have repeatedly obsen''cd responses of the same 
order with products prepared under similar conditions. In fact a number 
of preparations made up in the presence of metals that apparentty cataly'ze 
the reaction (6) have exerted thju-oidal effects equivalent to about 1 1 percent 
of the response to thyroxine. That these responses are not due to a special 
reaction of tadpoles is shown by the fact that similar responses have been 
obtained in our assays of selected preparations in guinea pigs bj’’ both oral 
and parenteral administration. When compared with tliju-oxine given by 
the same routes, iodinated proteins have shown 2.7 times as much activity 
when injected as when given orally. 

It now becomes of interest to inquire into the nature of the substance 
exerting such a pronounced thyroidal effect in these preparations. Thyrox- 
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ine can be isolated from them readily, along the lines described by Ludwig 
and von Mutsenbecher, although it is doubtful that the amount of this 
substance present will account for the thyroidal effects obtained. In 
unpublished experiments we have been able to isolate as much as 424 mg. 
of crj'stalline thyroxine of good purity from 100 gm. of iodinated casein. 
In spite of the sizable losses involved in the isolation of thyroxine, much 
higher yields should be obtained if aU the activity shown by the biological 
assays were due to this substance. In view of the higher activity of these 
iodinated proteins when injected than when pven orally, it appears likely 
that the thyroxine formed as a result of iodination remains combined within 
the protein molecule in an active state. If this state of combination were 
to contribute to its activity, as suggested for thyroid hormone by Harington 
(9), it would be possible to obtain iodoproteinswith higher thyroidal activ- 
ity than would be accounted for by the highest possible amounts of thyrox- 
ine that could be isolated from them. 

SUMMARY 

Two separate series of preparations, one with casein, and the other with 
soy bean protein as substrate, were iodinated progressively, followed by 
incubation at 70® for 18 to 20 hours. All preparations were assayed by 
injection into frog tadpoles. In confirmation of previous work, carried out 
at a lower temperature, the thyroidal activity of both series increased with 
increasing iodination vmtil sufficient iodine had been added to substitute 2 
atoms per molecule of tyrosine in the protein. Iodination beyond this point 
resulted in pronounced decreases in thyroidal activity. Casein that was io- 
dinated to the optimal level, followed by incubation at high temperature, pro- 
duced an assay response of 8.5 per cent of that of thyroxine. Soy bean pro- 
tein treated similarly showed a maximum of 5.25 per cent of the activity of 
thyroxine. The high thyroidal activity of these preparations is discussed 
m relation to the yields of thyroxine to be obtained from them and the 
methods of a&say used. 
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THE EXTRARENAL REGULATION OF MUSCLE AND SERUM 
POTASSIUM FOLLOWING EXTRACELLULAR 
FLUID AND SODIUM DEPLETION* 

By HERBERT C. MILLER 

(From the Department of Pediatrics, Yale University School of Medicine, New Haven) 

(Received for publication, October 15, 1942) 

During an investigation of shifts of water from the extracellular to the 
intracellular space in sodium-depleted rats it was observed that the con- 
centration of potassium in the serum and skeletal muscle was increased 
within 4 or 5 hours of the onset of the depletion. Yannet and Darrow 
found similar increases in the potassium of the serum and muscle 24 to 48 
hours after severe depletion of sodium (1). Thej^ attributed their findings 
to an impaired excretion of potassium by the kidneys, since oliguria was 
marked. In the present study the shorter duration of the e.\'periments 
and the occasional presence of a considerable diuresis made it possible to 
exclude the renal factor in the interpretation of the results and made it 
necessary to seek some other explanation for the rise in serum and muscle 
potassium. Subsequent experiments revealed that the types of injurj' 
emploj'ed in this study altered the metabolism of the muscle cell in such a 
way as to produce an increase in muscle potassium concentration. The 
types of injur}' used in the present study were mild and primarily involved 
either a partial depletion or an immobilization of a portion of the animal’s 
extracellular electrolyte. In their severe forms the same injuries are associ- 
ated with hemoconcentration and a reduction of blood volume and pres- 
sure. In addition to establishing a new concept of potassium regulation 
the present experiments offer a satisfactory ex-planation for the rise in seium 
potassium observed clinically following burns and other shock-producing 
injuries. 


Methods 

Male albino rats weighing from 250 to 350 gm. were used throughout 
the experiments. They were maintained on Purina dog chow and tap 
water. Rats were removed from their cages and injected intraperitoneally 
with a 5 per cent solution of glucose or gum acacia’ in an amount equal to 
5 cc. per 100 gm. of body weight. 4 to 5 hours after the injection the rats 
were sacrificed. In all instances in which glycogen determinations were 

• Aided l)y .a gr.'int from the Fluid Research Fund of Y.nie University School of 
Medicine. 

* The acacia was found by analysis to be free of sodium. 
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made an iritrapcritoneal injection of nembutal in amounts up to 50 mg, per 
kilo of body weight was used to anesthetize the animals. Otherwise the 
rats were sacrificed under ether anesthesia. Rats were also removed from 
their cages and scalded while under ether anesthesia by placing them in 
a w'ater bath at 90° from 4 to G seconds, usually 5 seconds, so that the skin 
over the back and flanks was included in the scalded area, but not the head, 
extremities, or abdomen. The scalded animals were sacrificed from 1 to 
16 hours later, usuall}’’ 4 to 5 liotirs. A moderate second degree bum was 
produced in all animals. Because of the possible importance of a decrease 
in muscle glycogen in relation to the increase in muscle potassium a group 
of rats \vas removed from the cages and injected subcutaneously with 
0,05 mg, of adrenalin chloride solution (Parke, Davis) and sacrificed 3 to 
4 hours later (2). Rats were also fasted 21 hours and then scalded or 
injected with 0.05 mg. of adrenalin chloride solution. One group of rats 
fasted for 24 hours served as controls. AH fasted rats were sacrificed, 
intraperitoneal nembutal being used for anesthesia. 

Glycogen determinations were made on the gastrocnemius muscle and 
a slice of the liver according to the method of Good, ICramcr, and Somogjd 
(3), After muscle and liver had been removed for glycogen studies, blood 
was withdrawm under oil in a S3Tinge from the abdominal aorta and the 
serum w'as separated from the colls soon after the blood clotted. The se- 
rum was anab'^zod for water, sodium, chloride, and pota.ssium. Muscle was 
cut from the hind legs for the determination of water, fat, nitrogen, sodium, 
chloride, potassium, and phosphorus. Occasionallj^ the liver was also 
analyzed for clectroljdes. Urine collections were made on some of the rats 
injected with glucose and acacia solutions and the urine w-ns analyzed for 
chloride, sodium, potassium, and nitrogen. None of the scalded rats 
voided. The peritoneal fluid removed from rats receiving glucose and 
acacia was also analyzed for electrolyte in some instances. The methods 
used for electrolyte determinations were the same as those previously used 
in this laboratory (4), 


ResuUs 

The results of the experiments on the fed rats are summarized in Table 
I. In the fed rats in Groups II to V the concentrations of muscle potas- 
sium and phosphorus are significantly increased over those of the control 
group. The muscle nitrogen also is significantlj’- increased in the glucose- 
and acacia-injected animals and is elevated in the scalded rats but not to a 
statistically significant extent. There is definite evidence of sodium de- 
pletion in the glucose-injected rats of Group II, since the concentrations 
of sodium and chloride in the scram are significantlj'^ low'cr than normal. 
The loss of sodium in the acacia-injected rats is not demonstrated bj' the 



Changes in Serum and Muscle i 
Average results plus or minus the standard errors are given. 
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analysis of electrolyte in the sernm. From sodium and chloride determina- 
tions of the fluid removed from the peritoneum of the acacia-injcctcd rats 
it was estimated that about 18 per cent of the total available extracellular 
elcctrol.yte had been removed. In the gluco.-^c-injeclcd rats it was calcu- 
lated that about 23 per cent of the extracellular fluid had been removed as 
a result of the intraperitoneal injection. The failure to lower the concen- 
tration of sodium in the scrum of the acacia-injcctcd rats probably is the 
result of the removal of a smaller amount of extracellular electrolyte by way 
of the peritoneal fluid and the greater output of urine by these rats. The 
increase in muscle water in the rats receiving intraperitoneal glucose is 
largely the result of a shift of water into the intracellular space. Evidence 
of sodium loss is not present in the data on the scalded rats. However, 
examination of the scalded area of the skin showed that appreciable a- 
mounts of fluid had been immobilized in the involved area. Congestion 
and induration of the subcutaneous tis-sue in the scalded zone were readilj" 
apparent. The changes in water and extracellular clcctrohic in the 
epinephrine-injected rats are interesting. The extracellular water of the 
muscle is increased, as denoted bj' a significant rise in muscle sodium and 
water and a tendenc}' for the muscle chloride to be increased. The con- 
centration of sodium in the serum is decreased. The explanation of the 
decrease in serum sodium and the apparent increase in e.xtraccllular muscle 
water is not possible from the data at hand. 

The concentration of potassium in the serum is increased significantb' 
in the fed rats in Groups II to IV in Table I. Potassium determinations 
in the serum of the epinephrine-injected rats in Group V were made in onl}' 
two of the six animals. Both results were 6.0 milliequivalents per liter 
of serum, levels that are comparable to those found in the other experi- 
mental groups of fed rats in Table I. 

The striking increase in potassium, phosphorus, and nitrogen in the 
muscle of the first few experimental rats suggested the possibility that 
some solid substance was leaving the muscle cell or being oxidized. Loss 
of organic solids from the cell could cause an increase of potassium, phos- 
phorus, and nitrogen, provided that these elements were not carried out 
of the cell immediately. Changes in muscle gl 3 "cogen were sought for, as 
this solid was known to be considerablj'- reduced in adrenal insufficiencj’’, 
which is also characterized by increased concentrations of serum and muscle 
potassium (6). No reduction in the gl 3 '’cogen content of the muscle was 
found in the fed rats of Table I except in those injected with epinephrine. 
Even in the latter rats the decrease in glycogen could account for onl 3 ’’ 
about one-fifth of the rise in potassium and phosphorus in the muscle. 

The experiments with scalding and the injection of epinephrine were 
repeated on fasted animals in order to stud 3 ’’ the electrolyte changes in the 



H. C. MHiLER 


125 


muscle when the glycogen content of the muscle was more uniform from 
animal to animal. The data on the fasted rats in Table I amply confirm 
the observations on the fed rats in every respect. The potassium and 
phosphorus are increased in the muscle of the scalded rats and of those 
receiving epinephrine and the muscle glycogen is decreased in the latter. 
The similarity in the glycogen content of the muscle of the fed and fasted 
control rats probably is related to the fact that the fed rats were not sacri- 
ficed until mid-afternoon, some 10 or 12 hours after the usual time of eating. 
The decrease in the sodium concentration of the serum of the epinephrine- 
injected rats that had been fasted in the presence of an apparent increase 
in extracellular water of the muscle is similar to the results on the corre- 
sponding group of rats that had been fed (Table I). 
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Fig. 1, Serum and muscle K in fed and fasted rats 


An interesting incidental observation was the significant decrease in 
muscle potassium and increase in muscle phosphorus in the fasted control 
rats when compared to the fed control rats in Table I. 

The statistical significance of the increase in muscle and serum potassium 
\ in the experimental animals in Table I is apparent. The statistical anal- 
ysis, however, does not bring out clearly the fact that these increases are 
not consistently obtained from animal to animal. The levels of muscle 
and serum potassium of the indmdual rats in Table I have been shown 
graphically in Fig. 1 to illustrate that in almost one-third of the experi- 
ments concentrations of muscle and serum potassium were obtained which 
fall within the normal range. In a small series of experiments the change 
in serum and muscle potassium might be missed. 
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The significant increase in potassium per 100 gni. of fnt-frcc solids shown 
in Table I suggested that potassium might be entering the muscle from 
other sources, possibly the liver or from the gastrointestinal contents. 
Such a course of events would not c.vplnin the increases in phos])horus and 
nitrogen in the muscle, unless pliosphorus and nitrogen also were found to 
be entering the muscle cells. Although the suggestion of potassium shift 
from other tissues appeared unlikely, the livers and gastrointestinal tracts 
with their contents were nnnl 3 'zcd in some of the glucose- and acacia-in- 
jected rats to test this possibilitj'. The re.sults arc given in Tabic II. It 
is seen that the livers of the sodium-depleted rats arc practicnllj' the same 
in all respects ns the livers of the control animals. The slight disparity 
between the amount of potassium in the small intestinal tract of the nor- 

Table II 

Elctlrolylcs in Lii>crs and Gaalrointestinal Tract Plus Contents of Fed Normal and 

Sodium-Depleted Pats 

Concentrations in the liver represent themcan result plus or minus the standard error. 



No, of 
tafs 

Livers per 100 jrm. ffll^free solids 

No. of 
tats 

Small 
bomtl and 
contents 

Latec 
bowel and 
contents 

Na 

Cl 
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HiO 

Total potassium 
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10 


11.0 
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12.7 
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3 

1.23 

0.53 
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±2.3 

±2.7 

±0.0 

±7.5 




Sodium-de- 

9 

9.1 


35.0 

41.2 

13.3 

292 

3 

0.97 

0.52 

pleted 


±0.5 

±0.4 

±0.SC 

±1.2 


±8.3 





* Taken from a previous study (7). 


mal and the sodium-depleted rats is not great enough b}’’ ttvo-thirds to 
account for the rise in muscle potassium of the latter animals. 

The brief span of 3 to 6 hours during which most of the experiments were 
conducted did not seem to permit sufficient time to produce potassium 
retention as a result of an impaired renal excretion of this cation. To 
confirm tins impression urine was collected from two rats receiving glucose 
and four rats injected with acacia. The amount of urine and its content 
of sodium, chloride, and potassium were determined for each of the six 
rats over the whole of the experimental period, which lasted about 4^ hours 
in each animal. The acacia-injected rats voided up to 10 cc. of urine and 
excreted potassium in dilute concentrations in amounts up to 0.1 mM. 
The glucose-injected rats voided smaller amounts of urine but greater 
quantities of potassium and in concentrations as high as 75 mM per liter. 
The concentrations of potassium in the muscle did not fall below 50 mar 
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per 100 gm. of fat-free solids in any rat despite the considerable output of 
urine and potassium. Serum potassium concentrations varied from 5.5 
to 7.0 mil per liter of serum. 


DISCUSSION 

Two concepts concerning the regulation of potassium in the serum and 
muscle can be formulated from the experimental evidence now available. 
Neither concept excludes the other. The first concept is based on previous 
investigations. These have amply demonstrated that the concentration 
of potassium within the muscle cell reflects changes in the concentration 
of potassium in the extracellular fluid, the organic composition of the 
muscle remaining approximately constant. Alterations in the potassium 
levels of the extracellular fluid are usually mediated in turn through 
changes in renal excretion of this cation. \Vhen the concentration of po- 
tassium in the serum is increased as the result of total nephrectomy, ure- 
teral ligation, adrenal insufficiency, or by means of injection of potassium 
salts, the concentration of potassium in the muscle cell is increased (5, 6, 
8). Conversely, decreasing the concentration of potassium in the serum 
by injecting desoxycorticosterone acetate or by feeding low potassium diets 
produces a fall in the concentration of potassium in the muscle cell (9-11). 
These changes are likewise mediated through the kidney (12). 

The concept of potassium regulation in serum and muscle by means of 
the kidney cannot be used to explain the increases in muscle potassium 
observed in the present study. The short duration of the experimental 
period, the large output of urine noted in some animals, and the failure to 
find extramuscular sources of potassium in the present study make it 
necessary to establish a new concept of potassium regulation. The exper- 
iments reported here clearly indicate that a change in some fat-free solid 
has occurred. Since the concentrations in the muscle in the present study 
are expressed per unit of fat-free solids, a change in some fat-free solid 
would be reflected in the apparent concentrations of the other substances. 
The increases in potassium, phosphorus, and nitrogen of the muscle in the 
sodium-depleted and scalded rats that had been fed (Table I) amount to 
4 and 5 per cent per unit of solids. Hence, the loss of some solid equal to 
about 4 or 5 per cent could explain the changes demonstrated in the muscle. 
If calculated on a wet tissue basis, the loss of substance amounts to about 
0.7 gm. per cent. The nature of the organic substance that is lost is not 
demonstrated in the data. Glj’cogen, which is present in the muscle to 
the extent of about 0.5 gm. per cent, is ruled out by the e.xperiments. 
Products of lipid metabolism which are soluble in petroleum ether are also 
eliminated. The possibility that there is some nitrogenous substance or 
.‘■•omc carbohydrate other than glycogen remains unexplored. The failure 
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to find that the nitrogen consistently increased in the several experimental 
groups of animals in Table I may seem to be a serious exception to the 
concept that some single organic substance is being lost from the muscle. 
The tcndenc.y of the nitrogen to be increased in the fed, scalded rats of 
Tabic I might have been significant had a more severe type of burn been 
used. The change of fed animals from a primarily carbohj-dratc metab- 
olism to a protein and fat metabolism when fasted might explain the lack 
of increase in the nitrogen of the scalded, fasted rats in Table I. So far as 
the epinephrine-injected rats arc concerned, Cori and Cori have shown that 
carbohydrate metaboli.sm is not accelerated following the injection of 
epinephrine (2) and Reid has shown that an increase in sulfur excretion 
occurs over 5 and G hour periods following the injection of epinephrine in 
fasted cats and dogs (13). 

The rise in serum potassium following inirns, intestinal obstruction, and 
other shock-producing injuries has been noted by many investigators. The 
work has been reviewed by Scudder (I-l) and Fcnn (15) recently. The 
latter ascribed tiie piienomenon to the withdrawal of potassium from body 
cells. The present experiments give some insight into the nature of this 
cellular loss. The increase in muselc potassium following sodium deple- 
tion and scalds may be reduced to normal concentrations by a resynthesis 
of whatever organic compound is lost from the cell or by a movement of 
potassium out of the muscle cell. The fact that muscle potassium remains 
elevated for several hours suggests a delay in the resynthesis of the organic 
matter and offers ample opportunity for potassium to escape from the cell 
to the extracellular fluid. It is surprising that potassium readjustment by 
this means is not made more rapidly, but it is fortunate for the organism 
that such is not the case. The return of muscle potassium from 51 mM 
per 100 gm. of fat-free solids to a normal level of 40 mM would release 
enough potassium in a 300 gm. rat to raise the scrum level to 15 mM if it 
wore confined to the extracellular fluid or to 7.5 mM if distributed through- 
out the whole bodj’’ water. Inasmuch as the increase in muscle potassium 
has been demonstrated to occur without any apparent increase in intra- 
cellular water, there should be a steep osmotic gradient from cellular to 
extracellular fluid. The highest scrum potassium concentration in any of 
the experimental rats in this study was 10 niM per liter in a scalded rat. 
This is just about the level at which toxic effects on the heart maj" be e.x- 
pected (16). The conclusion that potassium may be released from muscle 
as the result of a remote injury and thus secondarily affect cells in other 
organs of the bodj^ is given some support b}' these studies. 

The nature of the stimulus required to set off the course of events that 
will lead to a loss of organic substance from the muscle cell and a relative 
increase in potassium, phosphorus, and .sometimes nitrogen in the muscle 
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has not been clearly defined bj' the present investigation. Wiile some de- 
gree of depletion or immobilization of extracellular fluid or decrease in 
serum sodium concentration was present in each experiment, it is not cer- 
tain that this is the sole type of injurj' that null produce the results obtained 
here. Other types of injury have not been tried. 

SUMMARY 

Potassium, phosphorus, and sometimes nitrogen are relatively increased 
in the muscle cell following the partial depletion or immobilization of 
extracellular electrolyte. These changes occur in the rat within a few 
hours of the injury and are dependent on a loss of some as yet unidentified 
organic substance from the muscle cell and are independent of any action 
of the kidneys. The alterations in muscle electrolyte are accompanied 
by an increase in concentration of potassium in the serum. 

This study suggests that the rise in serum potassium observed clinically 
in bums and other shock-producing injuries may be related to the loss of 
organic substance from the muscle cell which accompanies depletion or 
immobilization of extracellular fluid, 

/tdrfendum— Since the completion of this study Clarke and Cleghorn (171 have 
reported increases in the concentrations of serum potassium and muscle potas- 
sium and phosphorus within 2 to 6 hours following bodily injurj' in rats and muscle 
trauma in dogs. Their results are analogous to those presented here, 
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PARTIAL OXIDATION OF CHOLIC ACID* 

By T. F. GALLAGHER and WILLIAM P. LONG 
{From the Department of Biochemistry of the University of Chicago, Chicago) 

(Received for publication, November 2, 1942) 

The behavior of polyhydroxy steroids toward oxidizing agents has been 
studied extensivel}' in the bile acids. Wieland and Dane (1) originally 
suggested that the order in which the hydroxyl groups of cholic acid are 
dehydrogenated is 7-3-12 (older literature, 12-3-7). This was based upon 
their claim that oxidation of desoxycholic acid yielded 3-keto-12-hydroxy- 
cholanic acid, while 7.12-dihydroxycholanic acid (probably a mixture of 
isomers) was oxidized by CrOj to 7-keto-12-hydroxjxholanic acid. The 
same investigators (2) proved that the 6-hydroxyl of hj^odesoxycholic acid 
was more readily attacked by CrOj, since low temperature oxidation gave 
the 6-keto-3-hydroxy compound. Iwasaki (3) prepared 3-hydroxj'-7- 
ketocholanic acid from both chenodcsoxycholic acid and ursodesoxycholic 
acid by chromic acid oxidation at low temperature in agreement with the 
Wieland and Dane suggestion. 

In 1937 Kaziro and Shimada (4) proved that the hydroxyl groups of the 
bile acids were not oxidized in the order 7-3-12, since partial oxidation of 
desoxycholic acid by CrOj yielded 3-hydroxy-12-ketocholanic acid rather 
than the expected 3-keto-12-hydroxy acid. When these authors investi- 
gated the partial o.xidation of cholic acid, they obtained in 65 per cent 
yield 3-hydro.xy-7 , 12-diketocholanic acid (“reductodehydrocholic acid”). 
Under a variety of conditions they were unable to obtain any monoketo 
acid; when 3-keto-7,i2-dihydroxycholanic acid was oxidized, the sole 
product obtained was dehydrocholic acid. They confirmed the consider- 
able difference in the oxidation of the 3-OH compared with those at C? 
and Cu and concluded that these latter were almost identical in the ease 
with which thej' were oxidized by chromic acid. 

It seemed to us that there must be a significant difference in the ease of 
oxidation of the Cr and Cu hydro.xyl groups of cholic acid and that the 
results of ICaziro and Shimada w'ere to be e.xplained by their failure to 
isolate the 7-ketocholic acid. This view is probable, since the reducto- 
dehydrocholic acid which they obtained exhibits an xmsatisfactorj' melting 

• These investigations were financed by a grant from Armour and Company. The 
authors wish to express their appreciation for this aid. 

The work described in this paper was reported at the autumn meeting, 1941, of the 
National Academy of Sciences, held at Madison, Wisconsin. An abstract appeared 
in Nature (148, 697 (1941)). 
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point belnivior, so tlnit. an inipiirily iniglit not easily lie iccognizecl. Wc 
therefore studied the low temperature oxidation of cliolic acid and the 
methyl ester; we separated the reaction products by conversion to the ace- 
tates of the methyl esters and found that these could be readily purified by 
chromatographic adsorption on aluminum oxide. We obtained the 
hitherto undescribed 7-kcto-3,12-dihydroxycholanic acid in -10 per cent 
yield. These experiments then demonstrate that in cholic acid the hj'- 
droxyl group at C 7 is most readily attacked by CrOa and at the .same time 
offer a method by which desoxycholic acid may be prepared from the much 
more abundant cholic acid. Haslewood (5) has independently reported a 
similar conclusion. 


KXFKUIMEN'TAD 

Oxidation of Mctlnj} Cholatc — 10 gm. of methyl cholatc (m.p. 1-15-147°) 
were dissolved in 300 cc. of stable glacial acetic acid and 50 cc. of water. 
The solution ivas cooled to —7° and 81.5 cc. of 3.5 N CrOa in 25 per cent 
acetic acid (3 equivalents) were added dropwise over 4 hours, so that the 
temperature never rose over 0°. The reaction mixture was stored over- 
night at 0 °, sodium bisulfite was added in excess, and the mixture evapo- 
rated on the steam bath under reduced pressure. The residue was dis- 
solved in ethyl acetate, washed with water, dilute acid, sodium bicarbonate 
solution, and again with water. After drj'ing over anhydrous sodium 
sulfate the solution was evaporated and the residue weighed 38.7 gm. 

Separation of Oxidation Mixture — The oilj’ residue was acetylated by 
heating with acetic anhydride in pyridine for 22 hours. The acetates 
were dissolved in 3.5 litere of 90-100° petroleum ether and poured over a 
column of 350 gm. of aluminum oxide (Alorco brand, C-30 grade) which 
had been activated b}'' heating for 30 minutes at about 450°. The perco- 
lating fluid Avas collected in liter portions and the washing continued with 
90-100° petroleum ether until no significant amount of solid was eluted. 
This required 12 liters and 20 gm. of solid Averc eluted. This material AA'as 
crystallized by rubbing Avith a small amount of 90-100° petroleum ether. 
After three ciystallizations from the same solvent, the product Avas ob- 
tained as long prisms melting at 114-117° corrected, [alo = -f-64° (absolute 
ethanol), and proved to be 3,12-diacetoxy-7-ketocholanic methyl ester.' 

C:,H(407. Calculated, C 69.00, H 8.79; found, C 69.08, H 8.69 

The oxime Avas prepared by boiling a solution of 490 mg. in ethanol AA’ith 
600 mg. of sodium acetate and 500 mg. of hydroxylamine hydrochloride 

> All analyses AA-ere made by Dr. T. S. Ma of the Department of Chemistry, Univer- 
sity of Chicago. 
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for 3 hours. The product crystallized from methanol in long needles, 
m.p. 155.5-157° corrected. 

Ci,H 4 sO,N. Calculated. C 67.01, H 8.51, N 2.70 
Found. “ 66.99, “ 8,73, “ 3.00 

The 3-acetoxy-7,12-diketocholanic methyl ester was removed from the 
column by elution with 90-100° petroleum ether containing 2 per cent 
ethyl acetate. The methyl ester of dehydrocholic acid could finalty be 
removed tvith ethyl acetate alone. In general about 40 per cent of the 
monoketo, 40 per cent of the diketo, and 20 per cent of the triketo com- 
pounds were obtained. 

7 -Kelo-S ,12-dihydroxy cholanic Acid — 10.2 gm. of 7-keto-3 , 12-diaceto.vy- 
methyl cholanate (m.p. 112-114°) were dissolved in 50 cc. of 95 per cent 
ethanol, 75 cc. of 1.7 N aqueous NaOH added, and the mixture heated 
under a reflux for 4 hours. After neutralization to phenolphthalein, 66.8 
cc. of N base were neutralized; calculated for 3 equivalents 66.5 cc. of N 
base. Most of the alcohol was distilled and the aqueous solution added 
dropwise with stirring to dilute H:!S 04 at 50°. The acid cr 5 fstallized on 
cooling and was recrj'stallized from ethyl acetate as well formed prisms, 
m.p. 197-199° (corrected), with a negligible rotation in absolute ethanol, 

C:,H«Os, Calculated, C 70.88, H 9.43; found, C 70.54, H 9.36 

The methyl ester prepared with diazomethane crystallized from ethyl 
acetate-petroleum ether in small needles, m.p. 152-154°. 

CsiH.oO,. Calculated, C 71.37, H 9.59; found, C 71.35, H 9.75 

Preparation of Desoxycholic Acid — ^The semicarbazone of the 7-keto-3 , 12- 
diacetoxymethyl cholanate was prepared by heating 1.0 gm. of ester with 
1.27 gm, of semicarbazide acetate in a mixture of 40 cc. of absolute metha- 
nol, 20 cc. of pyridine, and 5 cc. of water under a reflux for 6 hours. The 
product was well washed rvith boiling water and crystallized from ethanol. 
Needles, m.p. 175-177° (corrected). 

CjoHtiOrNj, Calculated, N 7.48; found, N 7.78 

440 mg. of the semicarbazone were heated with 6 cc. of absolute alcohol 
containing 350 mg. of sodium and 0.6 cc. of hydrazine hydrate in a sealed 
tube at 200° for 8 hours. The reaction mixture was acidified and a white 
semicrj'stalline product separated; weight 280 mg. The material crj-stal- 
lized well in clumps of narrow prisms from dilute acetic acid; weight 216 
mg., m.p. 139-143° (corrected). The melting point of a mixture vith 
de.soxj-cholic-acetocholeic acid was 139-142°. The diformyl derivative 
wa.s prepared by warming at 55° for 5 hours with 88.5 per cent formic acid 
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and cr 3 '^stallizcd from dilute eUinno!, m.p. 102.5-191°. Corlcsc and 
Bauman (G) record a melting point of 103-191°. 

SUM.MAnV 

1. The hj"dro.\.vl group.s of cholic acid are oxidized b}’ CrOj in acetic acid 
in the order, 7-12-3. 

2. A method for the separation of 7-ke(o-3,12-dih\'drox.vcholanic acid 
from the oxidation mixture is de.scribed. 

3. This compound can be reduced to dc.soxycliolic acid in good over-all 
yield from cholic acid. 
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THE ENZYMATIC NATURE OF ANGIOTONIN FORIMATION 
FROM RENIN AND RENIN ACTIVATOR 

Bv ALBERT A. PLENTL and IRVINE H. PAGE 

(From the Lilly Laboratory for Clinical Research, Indianapolis Oily Hospital, 

Indianapolis') 

(Received for publication, September 25, 1942) 

Renal hypertension is believed to be caused by an alteration in a vaso- 
pressor system having its origin in the kidneys (1). Renin, liberated from 
the Iddneys, reacts with a globulin fraction from the blood (renin activator) 
to produce a pressor substance, angiotonin (2, 3). Renin itself is not 
vasopressor nor do any of the blood globulins exhibit pressor activity. 
Angiotonin is physiologically highly active but can be inactivated by angio- 
tonase, an enzyme present in the kidneys and other tissue (4). The forma- 
tion and destruction of angiotonin are possibly' balanced in normal animals 
and, when the balance is disturbed, hy'po- or hypertension may occur. 
Although the reactions are intimately connected, they can be studied 
separately. 

It has been suggested that the reaction is enzymatic (5, 6), renin acting 
as the enzyme and renin activator as the substrate, but rigorous proof is 
lacking. This investigation is concerned with the kinetics of angiotonin 
formation in an attempt to show that its rate is first order, a necessary' 
demonstration before its enzymatic nature can be taken as anything more 
than a suggestion. 


EXPERIMENTAL 

The renin used in the experiments described belou' was prepared ac- 
cording to Helmet and Page (7). The angiotonase was removed from the 
product by adjusting the renin solution to pH 2.0 and precipitating ivith 
30 gm. of sodium chloride per 100 cc. of solution. The precipitate was 
collected on a filter, dissolved in sufficient water to make approximately a 
2 per cent solution, and dialyzed against running tap water. For final 
dialysis, cold toluene-saturated, distilled water was used. The solution 
was almost colorless and was found to retain its enzymatic activity for at 
least 2 weeks when kept in the ice box. VTien incubated with a known 
amount of angiotonin at 37° for 30 minutes, no reduction of pressor activity' 
occurred. It was therefore free of angiotonase. 

^ The renin activator was prepared from hog serum by fractional precipita- 
tion with ammonium sulfate at pH 6.5, the fraction between 1.22 and 2.10 
M being collected. With the aid of the rotating cellophane bag technique 
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TAni.r. 1 

Angiolonin Rcspo/t.ics Elicilcd htj fiicubnlion of Sanir A mount of Activator (5 Cc., S Per 
Cent Protein) with Poriotui Aiiinunt.i of Renin 
Tlic rCHult.s arc expressed in torms of an nrhilrary nnit defined ns 
Min. lilood prcs.siiro rise of 1 ee. le.st sample 


Mm. blood pressure rise of 0.1 ce. standard aiiRiotonin 


Renin A 

I'^pcriment I \ 

Renin R I 

! 

r.xpcrimcnt 11 

cc, 1 

fjneiotenin unit I 

rr. 

antiPtonin unit 

0.001 

0.10 

0.001* 

O.ll 

0.002 

O.M 

0.01 

0.29 

0.003 

0.2fi 

0.05 

O.-IS 

0.007 

0.‘10 

0.5 

0.03 

0.5 

0.50 

2.0 

O.frl 

1.0 

0.52 

2.0t 

0.59 


* Incubated at 25° for 10 minutes, 
t Incubated at 25° for 5 liours. 



Fig. 1. Angiotonin pressor responses ns a function of incubation time. Curve 1 
was obtained by incubation at 37°, and Curves 2 and 3 were prepared by incubation 
at 25°. The concentration of renin in experiments leading to Curve 3 was twice as 
great as the ones for Curve 2. A„ represents maximum angiotonin responses ebar- 
acteristic of the particular activator employed. These infinity values were obtaincil 
by incubation with cxcc.ss renin. The dotted lino represents t.lic response on addi- 
tion of a second portion of renin. 
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(8) at room temperature all pigments were eliminated in the last filtrate 
at 2.10 M ammonium sulfate. The euglobulin was eliminated by prolonged 
dialysis against running tap water and finally against distilled water. The 
final product was a clear solution with slight blue fluorescence. Electro- 
phoretic analysis of a 1 per cent solution in phosphate buffer at pH 7.62 
indicated 18 per cent albumin, 56 per cent a-globulin, G per cent |3-globulin, 



Fio. 2. Logarithm of substrate concentration plotted against time. Curves 1, 2, 
and 3 correspond to Curves 1,2, and 3 of Fig. 1. 

and 23 per cent y-globulin. We are greatly indebted to Dr. Wm. W. Davis 
of the Lilly Research Laboratories for this analysis. 

Incubation — ^Renin activator (5 cc.) was incubated at 37° for 10 minutes 
ivith various amounts of renin solution. The mixture was then brought to 
pH 5.5 by addition of a few drops of 1 per cent hydrochloric acid and im- 
mediately placed in a boiling water bath. The pH of optimum coagulation 
was found to be between 5.3 and 5.8. After being boiled for 10 minutes 
the solutions were centrifuged or filtered through coarse paper. 

Biological Testing — 1.0 cc. of the filtrate was injected into the femoral 
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vein of ii pitlicd eat.' Tlic resulting rise in blood iircssnrc was compared 
to tlic rise obtained from 0.1 ce. of n standard angiotonin preparation 
equivalent to 3.3 y of epinephrine. Since the responses of the standard 
angiotonin were found to be constant for two or three successive injections 
onl 3 % testing of the incubation mixture was always followed by injection 
of O.I cc. of standard angiotonin. Angiotonin units are given ns the ratio 

Mm. blood pressure rise of test sample 
Mm. blood iire.ssiire rise with 0.1 cc. .anKiolonin 

When the angiotonin pre.ssor responses are plotted against cc. of renin, the 
resulting curve is characteristic of a first order reaction. The results ob- 
tained with two different renin .samples are given in Table I. 

Next, the relation of the incubation time to angiotonin formation was 
investigated. 5 cc. of renin activator were incubated with an amount of 
renin calculated to give about one-fifth the maximum angiotonin response 
after 10 minutes incubation. The technique employed in the incubation, 
denaturation, and method of testing of the resulting angiotonin solution was 
the same as described above.- The maximum amount of angiotonin which 
this particular activator prejiaration was capable of yielding was deter- 
mined by incub.ation of the same amount of renin activator uith a large 
excess of renin (A„ in Figs. I and 2). Thcorcticall}’’ this value should be 
determined by incubation for a jirolongcd period. With extremely small 
amounts of renin (Table I; Fig. 2, Curve 1) 5 to 10 hours incubation would 
be neccssaiy before the maximum amount of angiotonin could be obtained. 
Although the activator emplojmd in these experiments was almost free of 
inhibitor, 5 or 10 hours incubation at 37° was found to destroj' 10 to 15 
per cent of the angiotonin. This maj' be due to a small amount of in- 
hibitor, instabilitj’- of the product (angiotonin), or, most probablj', to 
bacterial action. 

Curve 2, Fig. 1, represents angiotonin response as a function of incuba- 
tion time. At the point indicated a further quantity of renin was added, 
which increased markedlj'^ the amount of angiotonin formed per unit of 
time. The maximum amount of angiotonin was formed within 25 minutes 
after the addition of the second portion of renin. 

DISCUSSION 

Page and Helmer (3) suggested that renin is an enzyme, because it is a 
heat-labile protein, its reaction with activator is slow and affected by 
temperature, and only small amounts are required relative to activator. 

* We wish to thank Dr. K. G. Kohlstncdt and Mr. C. Wilson for the animal assay. 

’ Curve 1 (Figs. 1 and 2) was obtained by incubation at 37°, while Curves 2 and 3 are 
the result of incubations at 25°. 
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In addition to these arguments, Munoz, Braun-Menendez, Fasciolo, and 
Leloir (9) pointed out that for a given amount of activator the maximum 
jdeld of angiotonin cannot be surpassed when a 10 or 20 times excess of 
renin is used. These authors explained that, “if the reaction were stoichio- 
metric, the maximum amount of hypertensin [angiotonin] formed ought 
to be proportional to the amount of renin.” 

Since neither of the two reactants (renin and renin activator) was avail- 
able in pure form, it seems questionable whether the reasons given in 
the literature can be accepted as sufficient proof for the enzymatic nature 
of the reaction. Munoz, Braun-Menendez, Fasciolo, and Leloir used 
serum as renin activator, while Page and Helmer employed a globulin 
fraction precipitated between 0.33 and 0.55 saturated ammonium sulfate. 
Recent studies of serum globulins indicate that they consist of a number 
of chemically distinct proteins, any one of which may be identical with the 
renin activator. Consequently even if the total amount of protein in the 
renin activator solutions were known, no conclusions can be drawn con- 
cerning the concentration of the “substrate.” Similar arguments apply 
to the quality and quantity of renin. Since no analytical method for the 
determination of renin was available, the quantity of renin used by these 
investigators was expressed in relative units; i.e., cc. of renin solution or 
an arbitrary unit defined in terms of pressor response of a third substance 
(angiotonin) (10-12).’ It is probable that the major constituent of renin 
activator and renin solutions is a mixture of inert proteins and that the 
active principles are present in extremely small amounts. The relation 
of the maximum amounts of product (angiotonin) formed to the amount 
of renin employed has little or no bearing upon the nature of the reaction 
and surely none as regards its order. To state with certainty whether 
renin reacts stoichiometricalty with a certain globulin fraction can only be 
answered by determining the rate of the reaction. A first order reaction 
would indicate an enzymatic process, while a second or thiid order reaction 
would necessitate a stoichiometric reaction. 

The previously reported studies of this reaction (3, 6) do not lend them- 
selves to such an analysis. In crude preparations of renin and renin 
activator, substances are present which destroy the freshly formed angio- 
tonin (6). This results in two or more competitive reactions the comple.xity 
of which may be too great for a kinetic analysis. Both renin and renin 
activator used in this investigation were free of angiotonase and this forced 

• Many attempts have been made to standardize renin solutions. All except one 
of the proposed methods were based upon the pressor response elicited bj- intravenous 
injection of given amounts of renin solutions. Since renin is an enzyme, as this 
•netic investigation has shown, it must be tested as an enzyme; i.e., in its catalytic 
action and not as a pressor substance. 
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the reaction to iirocectl in one direction onlj'. Munoz, Braun-IMenendez, 
Fasciolo, and Lcloir (9) reported curves in essence similar to Fig. 1, using 
angiotonase-frec renin and renin activator, but the c.\pcrimcntal error 
involved is somewhat too great for a kinetic stud}’. 

Enzymes arc organic catalyses and ns sucli are governed by the same 
laws as are inorganic catalysts. ITenco, the amount of substrate decom- 
posed must be proportional at any lime to the concentration of the .sub- 
strate. If /f, represents the reaction constant for a given amount of en- 
zyme and S the substrate concentration, —dS/dt = A',iS. That is, it must 
conform with the laws of a first order reaction. When the logarithm of the 
substrate concentration at time i, which is proportional to the logarithm of 
the ratio of the final activity minus the activity at I to the final activity, is 
plotted against the time, a straight line is obtained in complete agreement 
with the requirements of the above equation. A graphic representation 
of this relationship is given in Fig. 2. The slopes of the curves are pro- 
portional to the concentration of renin present, showing that the first order 
reaction constant is proportional to the renin concentration. 

The same conclusions can be drawn from Curves 2 and 3, Fig. 2. Since 
the renin activator becomes c.xhausted more rapidly after the concentration 
of renin is increased, the rate of the reaction is proportional to the concen- 
tration of renin. 

The authors are indebted to Mr. Frcdric R. Van Abccle for his valued 
assistance. 


SUMMARY 

The reaction of angiotonasc-free renin and renin activator was studied 
from a kinetic point of view. The minimum amount of renin required to 
produce maximum angiotonin pressor response for the activator employed 
was determined. Approximately one-fourth of this amount was incubated 
with renin activator for various lengths of time. When the logarithm of the 
concentration of renin activator was plotted as a function of angiotonin 
jiressor response against time, a straight line was obtained as required by 
theory for an enzymatic reaction (first order). The first order reaction 
constant for a duplicate experiment with twice the amount of renin was 
found to increase proportionally. The percentage of renin activator 
decomposed per unit of time was therefore proportional to the renin con- 
centration and independent of the activator concentration. The reaction 
is therefore enzymatic; renin is the enzyme and renin activator the sub- 
strate. 
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Kohlstaedt, Helmer, and Page (1, 2) showed that renin itself is not 
physiologically active but requires the presence of proteins in order to be 
effective as a pressor agent. They suggested that it is enzyme-like. At 
first serum was used as substrate (2, 3), but a pseudoglobulin fraction 
prepared from serum was foimd to be even more effective. This fraction 
has been temporarily called “renin activator” because the nature of the 
reaction was not fully understood. The mechanism of the interaction of 
renin and renin activator has now been more critically analyzed (4), and 
its enzymatic nature kineticaUy demonstrated (first order reaction). Since 
the percentage of renin activator decomposed per unit time was pro- 
portional to the renin concentration, renin is the enzyme and renin activa- 
tor the substrate. 

Since the nature of the reaction had been established, it seemed of inter- 
est to investigate and prepare both substrate and enzyme in chemically 
pure form. This report deals with the chemical nature of renin activator. 

Tiselius (5) and other investigators have shown that blood globulins 
consist of a number of electrophoretically distinct proteins and, since renin 
activator prepared by a rough fractionation of serum appeared to be a 
nuxture of these, we attempted to find which, if any, of these serum com- 
ponents can act as renin activator. Cohn, McMeekin, Oncley, Newell, 
and Hughes (6) and Green (7) prepared reasonably pure proteins by am- 
monium sulfate and alcohol fractionation of horse serum. We have studied 
and fractionated hog serum by similar methods and found renin activator 
to be identical Avith or contained within the oj-globulin fraction. 

EXPEMMBNTAL 

Fractionation of Serum — Fresh hog blood was allowed to clot and ■was 
drained through cheesercloth. The filtrate was centrifuged in order to 
remove residual cells. The supernatant serum was siphoned off and found 
to be Very little hemolyzed. It was diluted with 1 volume of water and 
fractionally precipitated with ammonium sulfate. The rotating cello- 
phane bag techmque was employed unless otherwise stated. 

Fraction I {y-Globulin ) — 16 liters of serum were diluted ■with an equal 
volume of water and enough ammonium sulfate added to make the solution 
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1.25 M. The precipitate was dissolved in tlie minimum amount of water 
and dialyzed until free of salt.. The solution was made ui) to 4000 cc., 
which gave a ])rotein concentration of 7 per cent. 70 re. of 1 N sulfuric 
acid and 2300 cc. of water wore then added to bring the pll of the solution 
to 0.5, which was followed by addition of 1000 cc. of .saturated ammonium 
sulfate. This was added through a separatory funnel in such a way that 
the tip of the funnel extended below the surface of the liquid. The con- 
centration of ammonium sulfate at this point was 1.22 xi. The precipitate 
which was formed was filtered off, dissolved in 1500 cc. of water, and 
exhaustively dialyzed against distilled water until free from ammonium 
sulfate. The euglobulin was removed by filtration, dissolved in normal 
saline, and tested as described below. The pseudoglobulin was precip- 
itated four times at 1.22 u ammonium sulfate at pH 0.5 and the final 
precipitate dissolved in GOO cc. of water and dialyzed until free of salt. 
Electrophoretic analysis of a 1.7 per cent solution in phosphate buffer at 
pH 7.7 showed the product to be rclativeh’ pure y-globulin (Fig. 1, b). 
About 5 per cent of an impiiritj' moving with a velocity of or-globulin was 
present. 

Activator — The filtrate from y-globulin was brought to 2.10 m by addition 
of solid ammonium sulfate through cellophane membranes. The filtrate 
was set aside for precipitation of albumin and the precipitate dissolved in a 
sufficient quantity of water to make a 4 to 6 per cent solution. After 
thorough dialysis and remox'al of the euglobulin the solution was diluted 
to 2 per cent protein and a small iiortion of this fraction used for the incuba- 
tion experiments described below. An electroidiorctic analysis of a 2 per 
cent solution in phosphate buffer at pH 7.02 indicated its composition to 
be 18 per cent albumin, 50 per cent a 2 -globulin, 0 per cent /5-globulin, and 
24 per cent -y-globulin (Fig, 1, c). No separate arglobulin was found. 

Fraction II — The activator solution containing 2 per cent protein was 
brought to 1 .53 m ammonium sulfate and the precipitate discarded. The 
ammonium sulfate concentration of the filtrate was then increased to 1.70 
M, and the filtrate used for the preparation of a-globulin and the precipitate 
dissolved in xvater and diab’^zed until free of salt. Tlie euglobulin was 
discarded, because it xvas found to be inactive, and the pseudoglobulin once 
more precipitated between 1.00 and 1.76 m ammonium sulfate. After 
repetition of this procedure, the final solution xvas adjusted to pH 5 and 
dialj^zed until no more precipitate formed. A small amount of euglobulin 
was formed, which xvas removed by filtration through a heavy laj^er of 
Hyflo Filter-Cel and the filtrate diluted to give a 2 per cent solution. This 
solution was employed for the incubation experiments described below. 
Electrophoretic analysis of a 2.1 per cent solution in pliosphate buffer at 
pH 7.68 is given in Table II (Fig. 1, d). Since the resolution at this pH 
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was not verj' good, the electrophoretic analysis of this fraction was re- 
peated in veronal buffer at pH 8.49 (Fig. 1, e). 



Fio. 1. Electrophoretic patterns of hog serum and fractions precipitated with 
ammonium sulfate. Patterns with arrows pointing left are descending; right, ascend- 
■ns. (a) Whole senim, upper, 150 minutes; lower, 250 minutes, (b) Fraction I 
(7-globuHn), upper, 200 minutes; lower, 420 minutes, (c) Activator, upper, 100 
minutes; lower, 210 minutes, {d) Upper, Fraction III (a-globulin), 120 minutes; 
lower, Fraction II, 220 minutes, (e) Fraction II, upper. 150 minutes; lower, 222 
minute.s. (/) Fraction IV, upper, 120 minutes; lower, 220 minutes. Veronal buffer 
(pH S.49) was employed for Fraction II (e), while all others were made in phosphate 
buffer (pH 7.7). Al! exposure.s were made with Philpot’s cylinder lens system and 
^ 30® knife-cdBe diaphragm. 

Fraction III {a-Glohulin ) — The filtrate from Fraction II at 1.70 m was 
brought to 2.05 m ammonium sulfate, and the precipitate dissolved in 
ivater and dialyzed against tap \Yater until fi-ce of salt. It was twice 
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precipitated between 1.85 and 2.10 M ammonium .sulfate and the final 
.solution adjusted to pll 5 and t reated in the .same manner a.s de.scribed for 
Fraction If. An elcctropliorclic analy.sis of a 2.0 per cent .solution in 
phosphate buffer at pH 7.7 indicated 92 per cent a:-globulin, 5 per cent 
of a slower /9- or 7-globulin, and 2 per cent of a faster moving component 
(albumin or ai-globulin) (Fig. 1, d). 

Fraction IV — The filtrate from the activator at 2.10 m ammonium sulfate 
was brought to 2.5G m, the precipitate collected, di.s.solvcd in the minimum 

TAni.E I 

Preliminary Tests on Globulin and Albumin Fractions 


To 5 cc. of a 2 per cent protein solution were ntlded various amounts of renin solu- 
tion and the mixture made up to C ec. I'or an explanation of the units see the text. 
Incubation and testing arc described in the experimental portion. 


Experiment No. 

Substrate 

Renin 

Units 

s 

Activator 

cc. 

0.004 

0.2 

10 

<( 

0.03 

0.4 

11 

<■ 

O.OG 

0.5 

12 


0.10 

0.7 

13 

H 

0.50 

0.9 

U 

Fraction III (a-globulin) 

0.03 

0.25 

15 

it t* •* 

O.OG 

0.4 

IG 

H it ti 

0.10 

0.5S 

17 

(< << <4 

0.50 

1.35 

18 

" II 

0.03 

0.10 

19 

tt (t 

O.OG 

0.0 

20 

H ti 

0.10 

0.2 

21 

it << 

0.50 

0.2 

22 

“ I (-r-globulin) 

0.05 

0 

23 

<( (< l( 

0.50 

0 

24 

tt tt «< 

1.0 

0 

25 

Fraction IV 

0.05 

0 

2G 

tt tt 

0.50 

0 

27 

It tt 

1.0 

0 


amount of water, and dialj'zed. When free of salt the solution was ad- 
justed to pH 4.75 by addition of dilute hydrochloric acid and the precipita- 
tion repeated twice, any precipitate which formed up to 2.10 .m ammonium 
sulfate being discarded. In the hope of separating albumin, we added 
saturated ammonium sulfate to incipient cloudiness at pH 7.5, and the 
protein was precipitated by slow addition of dilute sulfuric acid. An 
electrophoretic anatysis of this isoelectric precipitate in phosiihafc buffer 
at pH 7.62 is given in Fig. 1, /. and Table I. 

The renin used in this investigation was prepared according to Hclmer 
and Page (8) (alcohol being used instead of acetone to dehydrate the minced 
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kidneys). This preparation was not free of angiotonase, since 30 minutes 
incubation of 8 parts of renin w’ith 1 part of angiotoiun caused a 60 per cent 
reduction in pressor activity. Little or no reduction was observed after 
10 minutes incubation. Samples of the various globulin and albumin 
fractions were incubated with specified amounts of renin for 10 minutes, 
the pH adjusted to 5.5, and the mixture placed in a boiling water bath for 
6 to 10 minutes. The denatured proteins were filtered off and 1.0 cc. of 
the clear filtrate tested in the manner previously described with a pithed 



Fio. 2 Comparison of a-globulin (O) and activator (O) in their efficiency as sub- 
strates for angiotonin formation when incubated with increasing amounts of renin. 
Both substrate solutions contained 2 per cent protein and the same renin preparation 
'ras used. is the maximum angiotonin response characteristic of the substrate 
(a-globulin or activator). These maximum values were obtained by incubation with 
excessive amounts of renin. 

cat as a test animal.* The results are expressed in terms of an arbitrary 
unit defined as the fraction 

Mm. blood pressure rise of 1.0 ee. sample 
Mm. blood pressure rise of O.I cc. standard angiotonin 


The pithed cat was found to be the most satisfactory animal for this assay. How- 
ever, jt must be kept in mind that all responses must be below a limiting value char- 
of the animal and its stafe of health. An animal in which the responses are 
no additive (doubling the quantity of angiotonin must produce twice the pressor 
useless for the assay. We wish to thank Dr. K. G. Kohlsteadt and Mr. 
nilson for the animal assay. 
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As a preliminary (cst all fractions were incubated with various amounts 
of renin at pll 7.0 in order to determine whicli, if an}’, of tliem contains the 
substrate or can act as such. The results of these tests are given in Table 
I from which it can be concluded that only the «-globulin fraction shows 



Fig. 3. Comparison of hog serum, activator, and a-globulin in their efficiency ns 
substrates fornngiotonin formation when incubated with renin at various pH values. 
All substrates contained 2 per cent protein. 

any activity. a-Globulin was therefore studied more e.vtensively, smaller 
increments of renin being used in order to arrive at a more complete curve 
which is reproduced in Fig. 2. The maximum amount of angiotonin tvas 
not reached in the preliminary tests (Table I), since a-globulin is capable 
of producing 2.2 angiotonin units under the condition of the experiment. 
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Responses elicited by incubation of renin w-ith activator (2 per cent total 
protein) are plotted for comparison. 

Another series of e.vperiments was carried out in order to study the effect 
of pH on this enzymatic reaction. 5.0 cc. of 2 per cent a-globulin solution 
were adjusted to various pH values, 1 cc. of renin solution of the same 
acidity added, and the volume made up to 7 cc. The mixture w'as in- 
cubated at 37° for 10 minutes and after the pH was adjusted to 5.5 the 
proteins were denatured by heating and removed by filtration through 
coarse paper. 1 cc. of this filtrate was used for biological testing. 

The same experiments were repeated with activator and fresh hog serum 
each containing 2 per cent total protein. The results of these experiments 
are given in Fig. 3. 


DISCUSSION 

The investigations of Cohn, McMeekin, Oncley, Newell, and Hughes (6) 
and Green (7) had shown that horse serum can be fractionated with am- 
monium sulfate, giving reasonably pure globulins and crystalline albumins. 
The order in which these proteins precipitate with ammonium sulfate 
corresponds to their electrophoretic mobilities. As the salt concentration 
increases, the globulins precipitate in the order y-, /?-, and a-globulin, 
followed by albumins, enzymes, and pigments. If plasma instead of serum 
is used, fibrinogen represents an exception to this rule: its mobility lies 
between )3- and y-globulin at pH 7.7; yet it is the first to precipitate upon 
addition of ammonium sulfate or alcohol. 

A comparative study of horse, cow, swine, and rabbit serum has been 
reported by Svensson (9). Although Svensson did not isolate the protein 
constituents by repeated fractionation, his investigations indicate that 
such a separation is possible. Following a suggestion of Tiselius, he 
analyzed the filtrates after addition of various amounts of ammonium 
sulfate instead of the precipitates. This method is to be preferred for a 
preliminary study and his results clearly' show that the precipitating power 
of ammonium sulfate is quite similar with all these sera. Although the 
percentage of each globulin differs with the species, the order in which they 
are removed from the solution is the same. Since he precipitated the 
fractions by' addition of solid ammonium sulfate, coprecipitation must be 
taken into account in any' interpretation of his data. This, however, 
would not essentially change the order of precipitation. 

With this in mind we attempted to prepare the various globulin fractions 
from hog .scrum u.sing a procedure similar to the one reported by Cohn, 
McMeekin, Oiidcy, Newell, and Hughes (li). The limif.s within which 
these protein.s jirncipilatt! were found to lx; .somewhat different from the 
Mducs reported for home serum, although the data of Svcns.son (9) would 
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indicate that they arc almost identical. Thus, globulins were not expected 
to precipitate above 2.10 m ammonium .sulfate and any precipitate above 
that concentration should be albumin; yet the major constituent of Frac- 
tion IV (2.10 to 2.5G M ammonium sulfate) was a:-globulin. 

Examination of the electrophoretic patterns of whole scrum (Fig. 1, o) 
revealed two distinct a-peaks, similar to the two forms of a-globulin in 
horse scrum (9). Since their electrophoretic mobilities arc distinctly dif- 
ferent, they arc probabl}' chemically non-identical. Tiselius (5) reported 
only one a component in horse senim and Svensson believes that the double 
nature of a- and /3-globulins in horse scrum escaped detection owing to the 
limitation of the original Tocplcr schlicrcn method. Our separation of 
a-globulin peaks reveals the double nature of a-globulin in hog serum. 

Tahle II 

Elcclrophorctic Analysis of Hog Scrum and Various Fractions Obtained by Precipitation 


with Ammonium Sulfate 

The values reported in this table represent per eent protein and were computed 
from eleotrophoretie patterns by the usual method. 





a-GlobuHn 

Albumin 



ax \ 

cn 

Hog serum 

21.5 

15.0 

■| 

2.1 

15.5 

44.4 

Activator 

23.9 

6.1 

? 

56.0 

18.2 

Fraction I (7-globulin) 

95.0 



5,1 


“ II 

46.6 

28.6 

9.9 

15.8 


“ III (a-globulin) 

5.2 



93.5 

2.1 

“ IV 


8.5 

5.9 

5-1.4 

27.5 


Our quantitative estimation of whole serum by electrophoresis corres- 
ponded fairly closely to the values reported by Svensson, with the exception 
of albumin. In this investigation mobilities have been used only for the 
identification of components. 

Preliminary tests indicated that the substrate for angiotonin formation 
is present in the activator fraction (1.22 to 2.10 m ammonium sulfate). A 
quantitative electrophoretic analj^sis of this fraction revealed the main 
constituent to be aj-globulin (Table II). Since the lower fraction on 
repeated precipitation up to 1.22 m ammonium sulfate turned out to be 
practically pure y-globulin and since y-globulin ns well as albumin (Table I) 
was found to be devoid of physiological activity, it was concluded that 
aj-globulin is the substrate, since the content of /3-globulin is very small. 
Although we v'cre unable to prepare jS-globulin in electrophoretically pure 
state, arglobulin was obtained in a state of about 90 per cent purity 
(Fraction III). Fraction II (Table II) contains both ai- and aj-globulin 
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in addition to j 8 - and 7 -globulins. Anpotonin responses elicited by using 
this fraction as a substrate indicated that ax- like 7 -globulin is inert. 
Since we can attribute a specific physiolo^cal function to the aj-globulin, 
it is unlikely that the existence of two a components is due to individual 
variations of sera (9). 

That jS-globuIin cannot act as substrate can be shown indirectly, for if 
it were effective much more anpotonin should be produced by incubation 
of Fraction II with renin than was actually observed. With a-globulin as 
standard, all the angiotonin formed after incubation of Fraction II with 
renin could be accounted for if aj-globulin alone had reacted. If ^-globulin 
were effective, the anpotonin responses should be at least 3 times higher 
than the values reported for Fraction II. 

The fact that Fraction IV contains an unduly large amoimt of aj-globulin 
and only 30 per cent albumin indicates that the limit for the precipitation of 
albumin is very much higher in hog serum than in any other species. It 
may also explain the difficulties encountered in attempts to crystallize hog 
serum albumin. Precipitation at higher ammonium sulfate concentrations 
would probably yield a ciystalline material. Although this fraction con- 
tains slightly more aj-globulin than the activator, physiological activity is 
entirely lacking (Table I). This can be explained by the presence of angio- 
tonase, which destroys angiotonin just as soon as it is formed. In order to 
demonstrate the presence of this enzj'me each fraction was tested by in- 
cubation with a knoxvn amount of angiotonin by a method previously 
reported (10). Only Fraction IV destroyed angiotonin, which indicated 
that angiotona.se precipitates between 2.10 and 2.56 m ammonium sulfate. 
This fact has an important bearing upon the interpretation of the curves 
m Figs. 2 and 3. Assuming that the principle acting as substrate in the 
activator is aj-globulin, present to the extent of 56 per cent, its maximum 
amount of angiotonin produced after incubation with renin, expressed in 
terms of angiotonin imits, should be much higher than the observed value. 
The albumin present in this fraction (18 per cent) probably carried with 
it a sufficient quantity of angiotonase to account for the difference. In a 
companson of the maximiun angiotonin rises of a-globulin, activator, and 
whole serum at pH 6.5 in Fig. 3 the same phenomenon can be observed. 

We have showm in a previous communication (4) that the reaction of 
remn and renin activator is enzymatic. Since it follows the laws of a first 
order reaction, the percentage of renin activator decomposed per unit of 
time must be proportional to the renin concentration. When the a- 
globulin and activator cun’es in Fig. 2 are compared, it can be seen that 
he mammum amount of angiotonin w'hich this protein can jdeld is reached 
ct a lower renin concentration with activator than with a-globulin. If 
he percentage of substrate decomposed per unit of time were the same. 
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the maximum value should be reached at the same renin concentration. 
This apparent di.scrcpancy is due to the fact that, in tlic a-globulin experi- 
ments tlic specified amount of renin wa.s added to 5 cc. of substrate and 
the solution made up to 7 cc., while in tlic activator experiment the final 
solutions were made up to G cc. The actual concentration of cnz 3 'me was 
therefore not the same in the two cxi)erimen(e. We did not feel justified 
in appb'ing a correction factor in Fig. 2 because of the complexity of 
the system. However, if a correction 7/6 were made for the activator 
curve, the maximum angiotonin ro-spon-sc would be reached at about 1.4 cc. 
of renin in both cases. 

Various protein mixtures have been used as substrate for the preparation 
of angiotonin. Munoz, Braun-Mcnendez, Faseiolo, and Leloir (3) and 
Page and Helmcr (11) prepared a globulin fraction precipitated between 
I.G and 2.0 xi potassium phosphate or 0.33 to 0.5 .saturated ammonium 
sulfate. The latter fraction is about equivalent to the fraction precipitated 
between 1.25 and 2.10 xi ammonium sulfate and ma.v be assumed to have 
approximatel.v the same composition as the fraction cmplo 3 Td in this 
communication (activator). In a recent report by Sapirstcin, Southard, 
and Ogden (12) on the use of renin activator for the restoration of blood 
pressure in hemorrhagic shock, a globulin fraction of ox blood was used. 
Those .authors followed the j)rocodurc of Braun-hJenondez ci al. (13) by 
precipitating serum proteins with 0.4 snturnted amnronium sulfate. A 
comparison of the relative officicnc 3 ’’ of .scrum, activatoi-, and a-globulin 
at various pH values is given in Fig. 3. 

We have not anabvzcd the globulin fraction of Ogden .and Braun- 
Mcnendez Init the data of Svcns.son can be used to calculate the percentage 
of substrate in this fraction. When wc ime these data and neglect a small 
amount of euglobulin, tlio concentration of a:-gIobulin ma 3 ' be estimated 
as 2G per cent. Since the original hog serum contains approximateb’’ 14 
per cent a-globuIin according to Sven.s.son (9) and 15 per cent according to 
our anabasis, the maximum amount of angiotonin which Ogden’s activator 
could 3 deld under the same conditions should be about twice the value of 
serum or one-half the value obtained with actixmtor. If the favorable 
results obtained b 3 " Sapirstein, Southard, and Ogden (12) are due to ar- 
tei’iol.ar constriction (tn vivo angiotonin formation), the use of the fraction 
obtained with 0.4 saturated ammonium sulfate would not be most efficient. 
Pure aj-globulin should give the bc.st response per gm. of protein emplo 3 'ed. 

Other proteins such as hemoglobin, casein, egg albumin, etc., h.ave been 
tested (3, 4) and found to be ineffective as substrates for renin. It is 
therefore not surprising that the action of this substrate is so specific that 
not even a-, /!-, or y-globulin can replace it. A prosthetic group or. peculiar 
arrangement of amino acids in the oji-globulin or some electrophoretically 
unresolvable fraction thereof must be responsible for this. The removal 
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of a prosthetic group by renin seems to us the most probable explanation, 
since the enzyme (renin) is not proteolytic in the conventional sense of 
the word. 

We wish to acknowledge the valued assistance of Mr. Fredric R. Van 
Abeele in this study. 


SUMMARY 

An electrophoretic analysis of hog senun has been made which showed 
the presence of five distinct proteins. a-Globulin was found to exhibit the 
phenomenon of a double peak. The serum was fractionated by precipita- 
tion irith ammonium sulfate, which yielded some of the globulins in reason- 
ably pure form, a- and y-globulins were found to precipitate within the 
concentration limits reported for horse serum, but the limits for albumin 
were found to be much higher. /8-Globulin could not be obtained in pure 
state. Pseudoglobulin fractions were incubated with various amounts of 
renin and only the arglobulm component found to act as substrate for the 
production of angiotonin. Euglobulins were entirely inactive. The 
relative efficiency of serum, activator, and a-globulin as substrate was 
compared and the amount of angiotonin formed was found to be propor- 
tional to the concentration of arglobulin. The substance referred to as 
renin activator is therefore identical to, or moves with the same electro- 
phoretic mobility as oj-globulin. 

An appreciable quantity of angiotonase has been demonstrated in the 
albumin fraction, while none could be found in the globulins. 
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The rapid hydrolysis of large quantities of phosphocreatine is one of the 
characteristic initial processes which occur during muscular contraction 
(1-3). Minimal concentrations are found after 1 or 2 minutes of work and 
little further change is apparent as work continues. The isotope technique 
would seem to offer a new approach to the question of whether the small 
quantity of phosphocreatine remaining after the beginning of work is in- 
volved actively in the continuation of this process. Sacks (4) measured the 
relative radioactivity of the phosphocreatine of cat muscle in situ after a 
15 second period of isometric tetanus and found that the contraction did not 
modify the rate of turnover of the remaining phosphocreatine. We have 
now used radioactive phosphorus to study the effect of continuous isotonic 
contraction at the rate of three twitches per second on the phosphocreatine 
and inorganic phosphate of muscle, the effect of one period of work followed 
by rest, and the effect of repeated alternating periods of work and rest. 
The changes found in the concentrations of the phosphate compounds of the 
muscles studied under the conditions of work and rest in these experiments 
were similar to those previously reported (2). In muscle w'hich had con- 
tracted 180 times in 1 minute, as compared with the resting control muscle 
of the unstimulated leg, these changes were found: appro.ximately a 3-fold 
increase of inorganic phosphate, a decrease to a fifth of phosphocreatine, 
and a decrease to a half of adenosine triphosphate. As long as the muscle 
continued to work, no major changes in the content of these phosphates 
occurred. Subsequent rest of 5 minutes restored the resting values of inor- 
ganic phosphate and phosphocreatine, but the resjmthesis of adenosine 
triphosphate was not as rapidly completed. 

Procedure 

Sodium phosphate containing radiophosphorus was administered, gen- 
erally intravenous^, or in some of the longer experiments subcutaneously 
or intraperitoneally, to rats, from 30 minutes to 24 hours before the muscles 
wore removed for analysis. Male rats, weighing about 240 gm., received 
from 1.0 to 7.5 mg. of phosphorus as diba.sic sodium phosphate containing 
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from 39 to 188 microcurics of We are greatly indebted to Professor 
Jolin H. Lawence and Dr. Carl Ilelmliolz of the Radiation Laboratory, 
University of California, Berkeley*, who have supplied the labeled sodium 
phosphate used in these studies. 

The rats were anesthetized with .sodium pentobarbital and the skin was 
loosened from the liind logs. The Achilles tendon of the left leg was loaded 
with a weight of 100 gm. and the muscle stimulated directly three times a 
second, each time with one complete C 3 'clc of CO cj'cle current. The appa- 
ratus used for stimulation consisted essentiall 3 ' of a disk which rotates three 
times a second with a movable brush adjusted to make contact in a sector 
a twentieth of the circle, thus sending a complete e 3 ’clc of GO C 3 ’cle current 
through the muscle three times each .second with a voltage of 50 through a 
resistance of 40,000 ohms. The work done, as measured roughl 3 ’' vith a 
Veeder counter, was greatest during the Grst 30 or 40 seconds, at the end of 
which time it decreased about a third and continued indefiniteby at a con- 
stant rate. After var 3 dng intervals of work and rest the Achilles tendon 
was pulled upward and the flexor muscles of this leg were removed quickly 
and frozen in a mixture of carbon dioxide ice and alcohol. The muscles of 
the opposite control leg were then removed immediatebv in the same 
manner. 

The frozen muscle was crushed between cooled steel blocks, quickly 
weighed, and dropped into tubes containing 20 ml. of ice-cold 5 per cent 
trichloroacetic acid and glass beads. The tubes were shaken in a room at 
0° for 15 minutes and the solution was filtered. The acid-soluble phos- 
phates were fractionated with barium h 3 ’^droxide at 0° according to the 
modified Eggleton and Egglcton (5) technique (6); the barium-insoluble 
phosphates were dissolved with trichloroacetic acid and reprccipitated with 
barium hydroxide. The phosphate content was determined in duplicate 
by the method of Fiske and Subbarow (7). 

Experiments in which sodium phosphate containing 0.5 and 0.7 micro- 
curie of P“ was added to trichloroacetic acid extracts of four normal muscles 
pi'ior to the foregoing fractionation showed contamination of the phospho- 
creatinc vith from 0.71 to 1.77 per cent of the inorganic phosph.ate. Such 
contamination would be serious, however, onl 3 ’' when veiy different concen- 
trations of phosphocreatine were to be compared, as in Table I. If, after 
the usual fractionation, inactive phosphoric acid was added to the barium- 
soluble fraction and this precipitated with barium h 3 ’'droxide, the contami- 
nation of the phosphocreatine in four other muscles was reduced to 0.14 to 
0.61 per cent of the inorganic phosphate. To minimize such contamination 
two additional precipitations of barium phosjdi.ate wore inf rodueod in th(i 
later experiments. 

The radioactivit3' "’as measured with a scale-of-four, Geiger-MiiHer 
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counter of the immersion type (8) . The phosphates of the muscle were first 
separated by the foregoing barium procedure and precipitated as ammonium 
phosphomolybdate at 0° overnight and then as magnesium ammonium 
phosphate for 4 hours at room temperature (9). Plasma inorganic phos- 
phate was extracted uith trichloroacetic acid and then precipitated direc% 
as the magnesium salt. The magnesium ammonium phosphate was fil- 
tered, dissolved in hot 5 per cent nitric acid, and the radioactivity counted 

Table I 


Effect of Time on DUlribulion of Radioactive Phosphate in Inorganic Phosphate and 
Phosphocreatine of Working and Resting Mvscle 


■nioe between 
injectioa of P** 
and taking 
muscle samples 

Work 

Inorganic pbospbste 

Phosphocreatine 

Left 

Right 

Activi^,* 

left 

Left 

Right 

Activity* 

Left 

Right 


mtn. 

J* per 

100 gffi. 

mf. P Per 
too im. 

cent 

me. P per 
100 sm. 

me. P Per 
lOQ em. 

percent 

per cent 

60 

1 

60.4 

24.8 

42.4 

7.2 

53.0 

18.4 

14.7 


30 

77.2 

25.2 

43.7 

4.2 

53.3 

25.4 

19.4 


30 

69.7 

28.6 

55.2 

8.4 

54.4 

40.5 

29.7 


30 

63.6 

18.8 

39.3 

9.4 

1 54.4 

22.0 

16.1 

60 

30 j 

69.6 

21.2 

31.9 

! 8.4 

! 47.8 

13.8 

10.5 

61 

30 

69.2 

20.0 

43.6 

9.0 

46.3 

18.8 

15.8 

63 

1 

68.0 

26.2 1 

38.8 

6.6 

52.4 1 

SO .6 

19.2 

63 

45 

65.0 i 

18.5 

29.6 

13.9 

66.3 i 

11.3 

9.1 

75 

60 

60.2 

25.7 

68.0 

18.8 

50.0 

35.2 

19.8 


1 

72.0 

25.3 

56.5 

7.4 

48.4 

69.0 

40.3 


120 

64.6 

30.2 

72.0 

9.9 

38.6 

65.7 

27.5 

132 

60 

74.0 

32.2 

64.5 

7.4 

40.0 

46.9 

28.8 

180 

30 

67.5 

23.8 

81.6 

6.8 

46.2 

95.9 

69.9 

180 

30 

60.3 

19.6 

57.4 

4.2 

50.0 



623 

30 

75.2 

27.7 

70.0 

9.0 

42.7 

93.4 

68.0 

1320 

60 

45.4 

28.5 

95.5 

24.5 

42.3 

89.5 

Si. 2 

1440 

30 

59.0 

24.7 

78.0 

13.6 

44.7 

88.0 

89.4 


* The radioactivity of the inorganic phosphate for each mg. of phosphorus of the 
resting muscle is considered as 100 and the radioactivity of all other fractions is 
expressed in percentage of this amount. In these experiments the left leg was stimu- 
lated for t^ indicated number of minutes immediately prior to taking the samples 
of muscles at the indicated times after administration of radioactive phosphate. 

after suitable adjustment of volume. Differences of activity per mg. of 
phosphorus of mneteen samples of inorganic phosphate of muscle precipi- 
tated in duplicate varied from 1.0 to 4.5 per cent. 

Results 

Continuous n''or/; — Changes found in the concentrations of phosphocrea- 
tine and inorganic phosphate in muscles contracting ISO times a minute for 
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1 to 120 minutes were similar to those previously reported (2) (Table I). 
The eoncentration of the phosphorus of phospliocreatine in seventeen mus- 
cles which had worked in this manner averaged 9.0 mg. per 100 gm. in 
contrast to -18.3 in the opposite resting muscles; the concentration of the 
phosphorus of inorganic phosphate was Gl.2 mg. in contrast to 2*1.8 mg. 

The radioactivity per mg. of phosphorus of the inorganic phosphate and 
phospliocreatine of the resting mu.sclcs increased with time after the ad- 
ministration of the radiophosphorus. During tlic first 2 hours the radio- 
activity of the inorganic phosphate of the muscle varied from a twentieth 
to a sixth of that in the plasma, from the 3rd to the 10th hour from a 
twelfth to a half, and at 22 and 2*1 hours was approximately equal to that 
in the plasma. The uptake of radioactivity by the phosphocrentine was 
definitely slower than that of the inorganic phosphate of muscle. During 
the first 2 hours the radioactivity of the phospliocreatine was 9 to 40 per 
cent of the radioactivit}' of the inorganic phosphate of the resting muscle, 
from the 3rd to the 10th hour about 70 per cent, and at 22 and 24 hours 
about 90 per cent. All comparisons of radioactivity have been made on 
the basis of radioactivity for each mg. of phosphonis involved. 

The radioactivities of the phosphate compounds in working muscles also 
showed an increase similar to that found in resting muscle irith time after 
the administration of radiophosphonis. The actual Gciger-Muller counts 
of the phosphate fractions of muscle were from 10 to 1500 a second for each 
mg. of phosphorus, depending on the nature of the fraction, the time, and 
the amount of radiophosphate administered. For convenience of compari- 
son the radioactivity of 1 mg. of the phosphorus of the inorganic phosphate 
of each resting muscle has been arbitraril}'^ called 100, and the radioactivity 
of all other fractions expressed in percentage of this amount. The radio- 
activit}' of the inorganic phosphate per mg. of phosphonis in the working 
muscles was considerably lower than that in the resting muscles, particu- 
larly during the shorter periods after administration of radiophosphorus 
(when there is a marked differential distribution of radiophosphorus be- 
tween the inorganic and organic phosphates of resting muscle). The 
decreased radioactivity of the inorganic phosphate of working muscle is 
undoubtedly due to dilution with phosphate liberated from the less radio- 
active organic compounds such as phosphocreatine and adenosine triphos- 
phate. The fraction termed “inorganic phosphate” represents the fraction 
extractable with trichloroacetic acid which forms an insoluble barium salt 
and reacts directly with the Fiske and Subbarow reagent. Later in this 
paper data are presented which indicate that part of this fraction, especially 
in working muscle, is combined, probably with protein. 

There was an increase of radioactivity of the residual phospliocreatine 
in some of the working muscles compared with their controls but this was 
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not progressive ■with the time of ■n’orking. Moreover the possibility existed 
that this nught be due to contamination of the very small quantity of 
phosphocreatine ■nith traces of the highty active inorganic phosphate. 
Therefore two extra precipitations of barium phosphate from the phospho- 
creatine fraction were introduced in a later series of experiments (Table 
II). The radioactivities of the phosphocreatine in the muscles of the two 
hind legs of the control rats were found to be appro.ximately the same. 
Likewise the radioactivity of the phosphocreatine of the muscles which 
worked 1 minute was similar to that of their resting controls. The radio- 
activity of the phosphocreatine in muscles which worked 60 minutes was 
not elevated greatly above the values in the resting leg. The increase found 
is extremely small compared with the radioactmty of the “inorganic phos- 
phate” of the working muscle. If this were furnishing phosphate for any 
appreciable resynthesis during the 60 minute period of work, the radioac- 
tivity of the phosphocreatine should approach that of the inorganic 
phosphate. 

The variability of the radioactmty between the muscles of the two hind 
legs of the control rats is probably due to inclusion of varying amounts of 
blood containing inorganic phosphate of high activity. This variation is 
not sufficient to alter the import of the values obtained. It thus appears 
that there is little if any increase of the radioactivity of the re.sidual phos- 
phocreatine in working muscles which can be attributed to the processes 
of work. 

One Period of Work Followed by Rest — The muscles of the left hind legs of 
eight rats were stimulated to work for 3, 12, 48, or 55 minutes and then 
allowed to rest for 3, 5, or 12 minutes. The concentrations and radioactivi- 
ties of phosphocreatine in the muscles which worked and rested were about 
the same as in the control resting legs, although appro.ximately 80 per cent 
of the phosphocreatine in the working muscle would have been broken down 
during the 1st minute of work and resjuithesized during the first minutes of 
rest (Table III). Thus the hydrolysis and resynthesis of 80 per cent of the 
phosphocreatine can be accomplished with no appreciable change of its 
radioactivity. Since the “inorgaruc phosphate” fraction of the muscle con- 
tained much greater radioacti\ity than the phosphocreatine, this must mean 
that the phosphate liberated by the hydrotysis of the phosphocreatine did 
not mix to any extent with the inorganic phosphate originally there and 
that resj-nthesis of phosphocreatine was accomplished, not from a mixed 
pool of “inorganic phosphates,” but from phosphates of lower radioactivity 
similar to that of the phosphocreatine originally hydrolyzed. 

The increased radioactmty of the inorganic phosphate found in some of 
the stimulated muscles might be due to the increased flow of blood produced 
by exercise, with the resultant inclusion of more of the highly active inor- 
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Taum: II 


Comparison of liadioaclivity of Inorganic Phosphnic of Plasma and Inorganic 
Phosphate and Phosphocrcatinc of Working and Ilcsting Muscles 


Plasma 

inorganic 

phosphate 

activity 

Mu«clc 

Inorganic phosphate 

1 rhosphoexealine 

Lett 1 

1 1 

Right ^ 

Activity, left j 

Uit 1 

Right j 

Activity 

Lett Right Lelt Right 


Controls, no work; 90 inin. between injection of P” ntitl taking muscle samples 


per cent* 

per JOO 

Wf.i* 
per 100 
grt. 

' entnti 

I perms, 

' P 

per eenl* 

ng. r i 
ttrlOO 
in. 1 

mc> P 
per ICC 

Sn. j 

eeunij 

fernt. 

r 

counh 
per ns. , 

p 1 

#rr 

cent' 


649 

34.9 

33.4 

! 497 

94.5 

60. S 

42.5 

15S 


30.0 

33.3 

1017 

31.2 

28. 2 

515 

75.4 

55.6 i 

54.0 

253 


37.0 

3S.4 

1555 

35.4 

32.2 1 

508 

89.4 

48.8 1 

51.5 

123 


22.0 

23.0 

1326 

34.2 

32.5 i 

579 

97.6 

37.5 j 

! 38.8 


I 



2072 

32.6 


475 

114 

50.9 j 

! 47.2 

167 

! 170 

40.2 

41.0 

2117 

25.3 

31.4 

231 

124 

51.1 j 

1 60.6 

57 

53 

30.5 

2S.3 

1038 

26.4 i 

28.7 


105 

48.1 j 

; 45.5 j 

lOS 

85 

37.4 

29.4 


Left log worked 1 min.; 90 min. between injection of P” and taking samplcsf 


930 

63.4 

33.2 

281 

67.5 

7.9 

48.4 

160 

148 

38.5 

35.6 

819 

61.2 

34.1 

403 

66.0 

20.3 

50.2 

390 

374 

54.2 

51.9 

1060 

56.0 

22.5 

410 

56.3 

13.5 

60.7 

290 

309 

39.9 

42.6 

1525 

54.4 

28,4 

415 

64.4 

26.3 

54.2 

159 

175 

24.7 

27.2 

1446 

63.5 

25.9 

224 

04.4 

11.1 

01.9 

124 

117 

35.6 

33.G 

Left 

leg worked 60 min ; 75 min. between injection of P’- and taking samplcsj 

756 

41.6 

28.3 

642 

79.2 

17.0 

39.4 


164 

26.3 


1120 

63.2 

25.9 

519 

61.0 

8.1 

43.5 


169 

26.4 

19.8 

977 

49.5 

36.1 

986 

60.5 

23.7 

43.5 


301 

23.3 


664 

42.0 

19.4 

1434 

62.9 

14.0 

50.0 

305 

239 

13.4 


596 

66.3 

24.0 

435 

33.2 

11.0 

48.1 

178 

129 

13.6 

9.8 

732 

71.0 

26.0 

489 

35.2 

11.4 

67.7 

252 

118 

19.4 

9.1 


* The radioactivity of the inorganic phosphate for each mg. of phosphorus of the 
resting muscle is considered ns 100 per cent. 

t The left leg worked the 90th minute after injection of radioactive phosphate 
in the second group of experiments. 

t In the third group the left leg worked from the 15th to the 75th minute after 
injection. 

ganic phospliate of the plasma. The increase is surprisingly' small com- 
pared with the great increase of the amount of blood flowing through 
working muscle. 

Repeated Short Periods of Work and Rest — The muscles of the left hind 
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Table III 

Effect of One Period of TI''orI; Followed by Rest 


Time between 
injection o( 
and tak- 
ing muscle 



Ifiorgask pbospbate 

Phospbocreatine 

Work 

Rest 

Lett 

Right 

Activity,* 

Ult 

Right 

Activity* 

samples 



left 

Left 

R^ht 

JBin, 

1 min. 

nsin. 

mg.Pfer 

I jOOirn. 

mg.Pfer 

; JOO gm. 

per cent 

trig. P per 
100 gm. 


Percent 

Percent 

30 

3 

12 

22.4 

21.9 

92 


' 52. S 

6.8 

7.4 

112 

3 

12 1 

42.5 

j 19.0 

51 

33.9 I 

47.6 

13.9 

9.4 

116 

3 

12 

30.6 

29.0 


t 45.5 

46.9 

20.6 

18.2 

60 

12 

3 

22.7 

29.7 

118 

53.9 

54.2 


20.7 

126 

48 

12 

39.4 

30.2 

113 

43.7 

49,8 

37.5 i 

32.3 

1320 

48 

12 

27,6 

30.4 

124 


42.3 

91.9 

98.7 

65 

55 

5 

28.0 

26.5 

111 

44.5 

45.6 


9.4 

100 

55 

6 

29.7 

26.0 

83 

37.4 

wm 


22.4 


* The radioactivity of the inorganic phosphate for each mg. of phosphorus of the 
resting muscle is considered as 100 per cent. The period of work of the left leg was 
performed so that the muscle at the end of the rest period was taken the indicated 
number of minutes after the injection of radioactive phosphate. 


Table IV 

Effect of Repeated Short Periods of Worh and Rest 


Time between * 
miectinn of 
^and tak- 
ing muscle 
samples 

N’o. of repeated 
periods of 

Inorgaaic phosphate | 

Rbosphocrtaljne 

work and rest j 

1 lain, work 

Left 

Right 

i 

Activity,* 

Uit 

Right 

Activity* 

rest 

left 

Left 

Right 

Wirt, 


me. P per 
too gm. 

mg. P per 
too gm. 

per cent 

mg. P per 
too gm. 

mg. P per 
too gm. 

per cent 

per cent 

60 

8 

27.8 

24.3 1 

88 

44.7 

58.7 

14.3 

\ 11.4 

90 

9 

34.9 j 

26,4 

78 

42.0 

51.8 

38.4 

41.4 

90 

10 

26.4 

29.1 

123 

46.8 

46.7 

33.0 

30.0 

180 

6 

28.9 1 

27.0 

90 

47.5 

43.2 

49.6 

42.8 

180 

6 

24.0 

28.2 

115 

48.8 

48.8 

80.6 

79.5 

275 

6 

26.6 

31.6 

105 

42.5 

39.1 

52.8 

67.7 

623 

6 

23.8 

26.9 

104 

45.2 

40.7 

74.9 

72.5 

1440 

7 

22.8 

26.4 

101 

53.7 

51.0 

91.9 

98.3 


S min. work 
and S min. rest 








60t 

3| 

83.6 

43.0 

56.5 

S.l 

26.9 

20.4 

18.4 

75 

6 

26.5 

26.4 

104 

48,6 

48.2 

20.1 

20.6 


The radioactivity of the inorganic phosphate per mg. of phosphorus of the rest- 
ing muscle is considered as 100 per cent. The periods of work and rest of the left 
eg were performed the indicated number of times just prior to taking the samples 
of muscle at the indicated period after injection of radioactive phosphate, 

t The rat died during the period of stimulation. The observed findings are typical 
for working musele. 
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legs of eight rats were stimulated to work for 1 minute and then were 
allowed to i-est for 4 minutes. Tin’s combination of work and rest was re- 
l)eatcd six to ten times. In two additional rats combinations of 5 minutes 
of work followed by 5 minutes of rest .were .studied. Both the concentra- 
tions and activities of the pbosphocreatinc in the muscles which worked 
repeatedly were similar to those in the control resting mu.sclcs (Table IV). 
Thus even with repeated periods of work and rest, the repeated resynthesis 
of targe amounts of phosphocrcatine is accomplished from phosphates with 
radioactivity similar to that of the original phosphocrcatine and adenosine 
triphosphate. None of the more radioactive “inorganic phosphate” origi- 
nally present in the muscle is used in this rc.s.vnthesis of phosphocrcatine. 

Comment 

The slowness with which the inorganic pho.sphatc of muscle attains a 
radioactivity per mg. of phosphorus comparable to that of the plasma when 
P^- is administered has been demonstrated previously. Thus Heves}' (10) 
reported that after 4 hoims of continuous admini.strafion of P’- to a rabbit 
the specific activity of the inorganic phosphate of the muscle was only 7.3 
per cent of that of the plasma while the sjjccific activities of the organic 
phosphates were even lower. An undemtanding of the slow penetration of 
inorganic phosphate into muscle would require some knowledge of the loca- 
tion of this in the muscle. Lipmann (11) stated that according to c.xperi- 
ments of Eggleton (12) and Fcnn (13) the inorganic phosphate is to be 
found in the extracellular fluid of resting imusclc; Hahn, Hevesy, and Rebbe 
(14) stated that the amount inside the cells is GO times larger than that in 
the extracellular fluid, while Furchgott and Shorr (15), who studied cardiac 
muscle, suggested that 30 to 40 per cent of tJie inorganic phosphate is 
extraeellular. 

The rate of penetration of labeled phosphate into the muscle was quite 
independent of the working process, in contrast to that of potassium, which 
has been studied bj-- others. Thus Noonan, Fcnn, and Hacge (16) found 
a 5-fold increase of the rate of penetration of radioactive potassium into rat 
muscle during 1 hour of stimulation and Hahn and Heves 3 ’ (17) found a 
4-fold increase in the gastrocnemius of rats which swam for half an hour. 
An apparent decrease of radioactivitj' of the inorganic phosphate was found 
in the working muscles owing to dilution with phosphate hydi’olyzed from 
the less radioactive organic compounds. As w'ould be expected, the de- 
crease found at the rate of work used in our experiments was greater than 
that found bj' Sacks (4) after a short period of tetanic stimulation. 

\A ithin the 1st minute of continuous work the phosjdiocreatine of the 
muscle is hydrolyzed so that le.s.s than 20 per cent of the amount found in 
resting muscle remains. This 20 per cent remains constant as long as work 
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is continued but is lesyntbcsizcd to resting values again within 5 minutes 
of rest. If the working value is maintained by an equilibrium between 
hydrolysis and resynthcsis, one might expect a more rapid incorporation of 
radioactive phosphocreatine during work. The radioactivity of the phos- 
phocreatine increased vith time after administration of radioactive 
phosphate but the inercase was similar in resting and working muscle. The 
slight increase found with work after 60 minutes is probably no more than 
should be expected with a slow diffusion gradually reaching equilibrium at 
the altered level impo.sed by the working process. However, this gives no 
indication of the extent of hydrolysis and resynthesis of the phosphocrea- 
tine, except that if resynthesis did occur, it must have been accomplished 
directly from the same phosphate produced by hydrolysis. 

That phosphocreatine is resynthesized from the products of its otigina*! 
hydrolysis is indicated by the fact that, after 80 per cent of the phospho- 
creatine has been hydrolyzed and resynthesized repeatedly by periods of 
work and rest, no greater radioactivity is found in the phosphocreatine of 
the exercised muscle than in the corresponding resting muscle. The 
amount of activity to be expected if the phosphate liberated from the 
phosphocreatine mixed with the inorganic phosphate and if the phosphate 
for resynthesis was taken from this mixed pool can be calculated roughly. 
For example in the first experiment in Table III there would have been 
about 40 mg. of phosphorus liberated from the phosphocreatine of 7.4 per 
cent activity and 10 mg. from the adenosine triphosphate of similar activity. 
If this were mixed with the 22 mg. of phosphorus of inorganic phosphate 
of 100 per cent activity, the pool of “inorgamc phosphate” during the period 
of work would be 72 mg, with 35.6 per cent radioactivity. If subsequently 
40 mg. were taken from this pool for resjmthesis of the phosphocreatine, the 
latter should then have had an activity of 30 per cent instead of 6.8 per- 
cent as found. 

A study of adenosine triphosphate with radiophosphorus is in progress. 
The results indicate no marked increase in the conversion of labeled inor- 
ganic phosphate to adenosine triphosphate during work. With repeated 
periods of work and rest there is also no indication of increased radioactivity 
of the adenosine triphosphate. 

An interesting hypothesis has been proposed in recent years postulating 
a direct reaction of the phosphate from adenosine triphosphate with myo- 
sin, by which phosphorylation energy is transmitted directly to the contrac- 
tile (18-20) system. Engelhardt and Ljubimowa (21) first observed that 
myosin or a substance indistinguishable from it produces hydrolysis of 
adenosine triphosphate. Needham and others (22) then proposed a tenta- 
tive hypothesis for the manner in which the cellular structures might 
function in a phosphate transfer system, Millikan (23) described this as 
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“the most promising attempt j'et made to bridge tlic yawning chasm 
between metabolic jn'oecsscs and changes in stnictnral organization accom- 
pan 3 'ing activitjL” However, Kalckar (20) pointed out that no one has 
yet shown any direct evidence for sueli coupling of liydrolysis of phosphate 
with myosin. It would seem that our results M-ith radiophosphorus may 
have some bearing on this. If phosphorylation of mj'osin is of major 
importance, phosphocrcatinc probablj' adds more phosphate, since it is 
hydrolyzed earlier and in greater amounts than is adenosine triphosphate. 
The amount of cnergj' for each mg. of phosphonis invoh’cd is similar nith 
the two compounds. 

Our results indicate that the phosphate liberated bj’ the hj^drolysis of 
phosphocreatine and adenosine triphosphate ns work begins does not mi.\ 
to any appreciable c.\tcnt with the labeled inorganic phosphate of the mus- 
cle and that this same phosphate (which has been split off from the creatine 
or other organic phosphates) is used for the rapid re.s^’nthcsis of the phos- 
phocreatine when rest ensues. Tliis suggests the possibilitj’' that the 
liberated phosphate maj' be bound chemicall>’ or separated phj'sically in 
the muscle from the inorganic phosphate originall.v there prior to e.\traction 
ndth trichloroacetic acid. That it might bo bound mcrclj" because of its 
acidic nature is questionable, since lactic acid formed simultaneously from 
gl 3 ''cogen largelj'' diffuses out of the muscle within 20 minutes. The phos- 
phate might have some special function in relation to the contractile system, 
myosin, or it might be held to insure a rapid resj’nthesis of the phosphocrea- 
tine. In any case gb-^cogen (24) is restored very' slowly to a normal concen- 
tration when work is ended, whereas phosphocreatine is resymthesized 
\vithin a few minutes. 


SUJIMARY 

The penetration of labeled phosphate into muscle and its subsequent 
incorporation into the organic phosphates appear to go on at approximately 
the same rate in Avorking as in resting muscles. If equilibrium, at the Ioav 
level of phosphocreatine found in continuously working muscle, is main- 
tained by continuous liydrolysis and resynthesis of phosphocreatine, 
resynthesis must be accomplished directly' from the products of hy'droly'sis. 

The increase of the inorganic phosphate, determined by' extraction with 
trichloroacetic acid, of ivorking muscle is due to the presence of phosphates 
released from the creatine, adenylic acid, and other organic phosphates by 
the processes of work. When the phosphates are labeled with radioactive 
phosphorus, it is evident that the phosphates released by hy'drolysis of 
organic compounds do not mix to any appreciable extent wth the more 
radioactive inorganic phosphate present in the muscle at the time of hy- 
drolysis. When phosphocreatine is hydrolyzed and resynthesized during 
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periods of work and rest, its radioactivity is not increased by resynthesis 
from any of the originally present inorganic phosphate, but is the same as 
that of the phosphocreatine of the resting muscle. The same phosphate 
split from the organic phosphates is used for the resynthesis of phosphocrea- 
tine. It is possible that the phosphates h3"drolyzed from the organic 
phosphates produce phosphorylation of myosin and that resynthesis is 
accompanied bj'' dcphosphorylation of myosin. 
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EFFECT OF SULFANILAMIDE ACCOMPANIED BY ACID OR 
ALICALI UPON THE ACID-BASE EQUILIBRIUM OF THE 
DOG. POSSIBLE INFLUENCE OF CARBONIC 
ANHYDRASE 
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Soon after the introduction of sulfanUamide therapy, acidosis as an 
undesirable side reaction was reported. Southworth (1) observed clinical 
acidosis in two of 50 cases treated with the drug. In fifteen consecutive 
patients treated with sulfanilamide, all showed some decrease in CO 2 - 
combining power of the plasma with an average decrease of 14.1 volumes 
per cent. A short time later Basman and Perley (2) noted similar de- 
creases in the carbon dioxide content of the blood during sulfanilamide 
therapy. Mention was made that the urine was alkaline in such patients, 
although no data were given. Helmholz (3) also reported at this time 
that the administration of sulfanilamide usually produces an alkaline 
urine. Marshall, Cutting, and Emerson (4) observed blood findings which 
were interpreted as acidosis in three dogs. In these dogs quantities of 
sulfanilamide much above the therapeutic level were administered and 
the changes in blood pH were not consistent. Hartmann, Perley, and 
Barnett (5) observed in two normal subjects and in two patients that the 
secretion of an alkaline urine and a decrease in serum COj content followed 
sulfanilamide administration. Inasmuch as the serum pH was slightly 
increased, the effect of sulfanilamide was interpreted as being an alkalosis 
resulting from primary hyperventilation. 

The present report describes experiments which were carried out with 
dogs to determine more fully the effect of sulfanilamide on the acid base 
equilibrium. In these studies the effect of sulfanilamide alone was con- 
sidered, as well as the effect of sulfanilamide when disturbance of the 
acid-base equilibrium was produced by the administration of sodium 
citrate or ammonium chloride. 


Methods 

Adult female dogs were employed in all of the studies. The dogs were 
maintained on a diet of Purina dog biscuits. Blood samples were obtained 
from the jugular vein with minimum stasis and urine was obtained by 
catheterization. The blood was transferred under oil to special centrifuge 
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tubes and was centrifuged as soon ns clotting occurred. The serum so 
obtained was emploj'cd for determination of CO3 content (6), pH (7), 
chloride (8), inorganic phosphorus (9), protein (10), and total base (11). 
A separate portion of blood was iilaccd in a bottle containing dry potassium 
oxalate and this was used for sulfanilamide determination (12). 


EXPERIMENTAL 

Adminislradon of S^dfanilamidc — The effects of a single dose of sul- 
fanilamide on the acid-base equilibrium arc shown in Table I. These 
results were obtained in five dogs which received by stomach tube 0.12 
gm. of sulfanilamide per kilo of bod}- weight. Samples of blood and 
urine were obtained during fasting, followed by blood samples at 1, 3, 

Tahle I 


Blood Studies Following Single Dose of Sulfanilamide 
Average results obtained with five dogs arc reported. 0.12 gm. of siilfnnilamidc 
was administered per kilo of body weight. 



1 Control 

1 hr. 

3 hrs. 

6 hrs. 

12 hrs. 

21 hrs. 

Blood sulfanilamide, mg. per ' 







100 cc 

0.0 

13.0 

11.7 

9'. 9 

7.5 

3.2 

Serum pH 

7.38 

7.38 

7.38 

7.37 

7.38 

7.3S 

“ total base, m.cq. per 1 . 

ISG.O 

151.3 

153.0 

15-1.2 

154.4 

154.6 

“ chloride, m.eq. per 1 

112.7 

108.9 

110.4 

109.9 

109.9 

110.3 

“ bicarbonate, m.cq. per 1 . 

23.0 

21.9 

21.4 

21.4 

22.4 

22.5 

Base combined with protein, j 







77i.cq. per 1 

15.0 

13.9 

14.3 

13.S 

14.2 

13.2 

Base combined with phosphate, 





! 


m.cq. per 1 

3.1 

2.9 

3.0 

3.3 

3.1 

3.6 

Undetermined acid, m.cq. per 1 . 

2.2 

3.7 

3.9 

5.8 

1 4.8 

5.0 

Urine pH | 

6.8 

7.4 

7.4 

7.1 

6.6 

6.1 


6, 12, and 24 hours and urine samples at 3, 6, 12, and 24 hours after ad- 
ministration of sulfanilamide. The levels of blood sulfanilamide obtained 
after this amount of drug simulate those sought in clinical practice in the 
treatment of severe infections (13). No appreciable changes in serum pH 
were observed. The serum total base decreased bj'' approximately 5 
milliequivalents per liter 1 hour after the sulfanilamide administration 
and then gradually returned toward the fasting level. Decreases in serum 
chloride and serum bicarbonate occurred, although these changes were 
quite small. Following the sulfanilamide the urine pH increased from 
6.8 to 7.4. 

Administration of Sulfanilamide and In Table II the effect of 

administration of sodium citrate and sulfanilamide to normal fasting dogs 
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is presented. The plan of the experiment was similar to that described 
above. The quantitj' of sulfanilamide employed was the same {i.e. 
0.12 gm. per kilo of body weight) and the quantity of sodium citrate used 
was 0.60 gm. per kilo of body weight. In Table III studies on two of the 

Table II 

Blood Sludiu ^Following Single Dose of Sulfanilamide and Sodium Citrate 


Average results obtained mth three dogs are reported. 0.12 gm. of sulfanilamide 
and 0.6 gm. of sodium citrate were administered per kilo of body weight. 



Control 

1 hr. 

3 hrs. 

6 hrS/ 

12 hrs. 

24 hrs. 

Blood sulfanilamide, mg. per 







100 cc 

0.0 

11.7 

12.9 

9.4 

7.0 


Serum pH 

7.38 

7.41 

7.41 

7.39 

7.41 


“ total base, m.eq. per 1. . . 

161.4 

169.3 

1 159.8 

i 159.5 

158.6 


“ chloride, m.eq. per 1 

112.3 

111.6 



110.2 

112,3 

“ bicarbonate, m.eq. per 1. 

22.6 

24.5 

26.2 

26.5 

2i.8 

23.0 

Base combined with protein. 

i 






m.eq. perl 

14.5 

13.7 

13.2 

13.2 

13.4 

13.3 

Base combined with phosphate 







m.ej. per 1 

2.9 

3.0 

2.7 

2.8 

2.7 

3.0 

Undetermined acid, m.eq, per Z 

9.1 

6.5 

8.6 


7.5 

8.8 

Urine pH 

6.8 


7.8 

8.1 

8.0 

6.5 


Table III 

Blood Studies Following Single Dose of Sodium Citrate 
Average results obtained with two dogs are reported. 0.60 gm. of sodium citrate 
was administered per kilo of body weight. 


Control 

I hr. 

3 hrs. 

6 hrs. 

12 hrs. 

24 hrs. 

7.41 

7.52 

7.54 

7.50 

7.47 

7.42 

161.1 

157.1 

157.9 

156.7 

157.2 

HI 

113.5 

106.5 

104.2 

106.4 



26.2 

29.6 

30.9 

30.3 

28.7 

26.6 

14.1 

13.8 

13.5 

12.8 

12.5 

12.5 

MW 

2.1 

2.3 

2.3 

2.1 

2.4 


5.1 

7.0 

4.9 

5.4 

7.2 

IH9 


7.7 

7.7 

7.7 

7.3 


Serum pH 

" total base, m.eq. per 1. . . 
“ chloride, m.eq. per I 


combined with protein, 

m.eg, per I 

Base combined inth phosphate 
per Z 


^rine pH. 


same dogs in which the same amount of sodium citrate alone was ad- 
nnnistered^ are shown. The level of blood sulfanilamide attained after 
su anilamide and sodium citrate was quite similar to that with sulfanilamide 
a one. The average serum pH after .sodium citrate showed a maximum 
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increase of 0.13, whereas after sulfanilamide and sodium citrate thcsenim 
pH increased by only 0.03. The avcraRc increase in scrum pH for the 
1, 3, and 0 hour .samples was 0.1 1 after .sodium citrate and 0.02 after sodium 
citrate and .sulfanilamide. The .serum bicarbonate after sodium citrate 
showed a maximum elevation of -1.7 milliequivalenfs per liter and an eleva- 
tion of 3.9 milliequivalents per liter after a combination of .sulfanilamide 
and sodium citrate. After either sulfanilamide and sodium citrate or 
sodium citrate alone the urine pH was increased, with the increase being 
slightlj'' greater after ingestion of a combination of sulfanilamide and 
sodium citrate. 

Admmislrah'ou of Sulfaiulatnidc and Ammonium Chloride — In Tabic 
IV the effect of administration of ammonium chloride and sulfanilamide 

TAni.E IV 


Blood Studies Folloudiig Single Dose of Stdfanilamidc and Ammonium Chloride 
Average results obtiiinccl with tlirce dogs arc reported. 0.12 gm. of sulfanilamide 
and 0.37 gm. of ammonium chloride were administered per kilo of body weight. 



Control 

1 hr. 

3 hrs. 

6 Iirs. 

11 hrs. 

hrs. 

Blood sulfanilamide, mg. per 







100 cc 

0.0 

8.C 


9.7 

5.7 

2.6 

Serum pH 

7.35 

7.22 

7.22 

7.23 

7.29 

7.31 

“ total base, ju.c?. per f.. . 

154.3 

149.3 

149.4 


149.3 

15-4.6 

“ chloride, m.ci;. per f.. .. 

10S.3 

113.7 

11G.3 


114.7 

113,9 

“ bicarbonate, m.cg. per 1. 

20.7 

12.2 

11.9 

12.1 

13.7 

16.9 

Base combined with protein. 







m.eg. per 1 

17.0 

15.0 

15.2 

15.4 

15.0 

15.0 

Base combined with phosphate, 





1 

3.3 

m.eq. per 1 

3.0 


3.1 

3.4 

3.1 

Undetermined acid, m.eq. per f.| 

5.3 


2.9 


2.8 

5.5 

Urine pH j 

5.4 


5.1 


5.4 

5.5 


to normal fasting dogs is presented. These experiments were similar to 
the preceding ones and involved the administration of the same amount of 
.sulfanilamide. The quantity of ammonium chloride given was 0.37 gm. 
per kilo of body weight. On metabolism this amount of ammonium 
chloride yields a number of milliequivalents of acid that is equal to the 
number of milliequivalents of alkali that the sodium citrate yields on 
metabolism. In Table V are shown the results of administration of the 
same amount of ammonium chloride alone to the same three dogs. The 
level of blood sulfanilamide attained after dosage with sulfanilamide and 
ammonium chloride was slightly less than the blood level attained after 
dosage with sulfanilamide alone or with sulfanilamide and sodium citrate. 
The serum pH after sulfanilamide and ammonium chloride decreased by 
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0.13, whereas with ammonium chloride alone the maximum decrease was 
0.09. The average decrease in serum pH for the 1, 3, and 6 hour samples 
amounts to 0.13 after ammonium chloride and sulfanilamide and is 0.07 
after ammonium chloride alone. Serum bicarbonate fell by 8.8 milli- 
equivalents per liter after sulfanilamide and ammonium chloride and 7.6 
milliequivalents per liter after ammonium chloride alone. Urine pH 
after either ammonium chloride or ammonium chloride and sulfanilamide 
waj rendered quite acid. 

Control Studies — Since a considerable volume of blood was withdrawn 
in order to carry out the several analyses, two sham experiments w’ere 
performed. In these experiments blood and urine were taken in the same 
manner as in the preceding studies and distilled water was given by stomach 


Tabi-b V 


Blood Studies Following Single Dose of Ammonium Chloride 
Average results obtained w'ith three dogs are reported. 0.37 gm. of ammonium 
chloride was administered per kilo of body weight. 



Control 

1 hr. 

3 brs. 

6 brs. 

12 brs. 

2i brs. 

Serum pH 

7.35 

7.26 

7.28 

7.29 

7.32 

7.33 

“ total base, m.eg.perl.. . . 

156.7 

154.6 

154.1 

151.5 

149.9 

151.8 

" chloride, nt.eq. per 1 

110.3 

116.7 

118.3 

118.5 

115.3 

113.8 

" bicarbonate, m.eq. per 1. 

22.2 

15.3 

15.0 

14.6 

15.8 

17.9 

Base combined with protein, 







m.eq. per 1 

15.7 

14.9 

15.0 

14.6 

14.6 

14.5 

Base combined with phosphate, 







m.eq. per 1 

3.1 

2.9 

3.2 

3.4 

2.9 

3.0 

Undetermined acid, m.eq, per L 

5.4 

4.8 

2.6 

0.4 

1.3 

2.6 

Urine pH 

5.8 


5.3 

5.1 

5.5 

5.3 


tube. The same analyses were made on the blood but no significant 
variation was observed in any of the constituents studied. 

DISCUSSION 

The results of these e.xperiments indicate that the effect of sulfanilamide 
on the acid-base equilibrium of the dog is not marked. These findings 
are in disagreement with the conclusions of Marshall, Cutting, and Emer- 
(4). However, the studies of Marshall and his associates involved 
dosage with amounts of the drug sufficient to cause marked dysfunction 
of the gastrointestinal tract and of the respiratorj' system. 

A Considerable amount of speculation has appeared regarding the effect 
0 sulfanilamide on the acid-base balance. Mann and Keilin (14) found 
at sulfanilamide had a specific efifect of inhibiting carbonic anhydrase, 
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tlio ('iizyim; Avliicli i)liiys an iinporlaiil rule in carljon dioxide transfer. 
Since tlii.s observation of the elTeet of sulfanilamide on carbonic anhydrasc, 
atlcmjrts have been made to irrove or di.sjn-ovc tlie role of this enzyme in 
the changes in the acid-base balance of (he body which occa.sionnlly result 
following sulfanilamide therapy (15). However, most of these attempts 
liave proved unsucoc-ssful and this can in part be explained by the fact 
that compensator^' changes in rc.spiration and renal activity tend to com- 
plicate the picture. 

In the e.xperimcnts in which .sodium citrate was given alone, the senim 
pH increased by 0.13, whereas when .sulfanilamide was given along with 
the sodium citrate the pH incre.n.sed by only 0.03, although the rise in 
scrum bicarbonate was similar in the two experiments. The average 
increase in pH for the 1 , 3, and G hour samples was 0.1 1 after sodium citrate 
alone, whereas when sulfanilamide was given along with the sodium citrate 
the average increase in scrum pH in the cori-cs]5onding samples was only 
0.02. AVhen the method of Fisher (IG) was used for the determination 
of “the significance of the ditTcrcncc of the means of small samples,” the 
dilTcrcnce in pH change (after sodium citrate ns compared with that after 
sodium citrate and sulfanilamide) was statistically significant, whereas 
the difference in bicarbonate change was not statisticalh’ significant. 
These findings lend support to the supposition that carbonic anhydrase is 
inactivated by sulfanilamide in vivo, since ,a loss of carbonic anhydrase 
activitj'’ would result in an increased accumulation of carbonic acid. This 
excess of carbonic acid prevents an increase in pH, even though the bi- 
carbonate is increased. 

In the experiments in which ammonium chloride was given alone the 
average decrease in serum pH in the 1, 3, and G hour samples was 0.07, 
whereas when sulfanilamide was gix'en along with the same quantity of 
ammonium chloride the average decrease in serum pH in the correspond- 
ing samples amounted to 0.13. The average serum bicarbonate decrease 
in the corresponding samples was 8.8 milliequivalents per liter wdth am- 
monium chloride and sulfanilamide and 7.G milliequivalents per liter after 
ammonium chloride alone. The difference in pH change was statistically 
significant by the method of Fisher (16) for the determination of “the 
significance of the difference of the means of small samples,” whereas the 
difference in bicarbonate change was not statistically significant. The 
bicarbonate of the plasma is considered the first line of defense against 
acid, since acid will react with bicarbonate to form carbonic acid which 
dissociates as the blood passes through the lungs and gives rise to CO 2 
and H 2 O. This breakdown of carbonic acid to carbon dioxide and water 
is catalyzed by carbonic anhydrase. Therefore, if carbonic anhydrase 
activity is decreased by sulfanilamide, more carbonic acid would remain 
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in the blood, until a resultant decrease of serum pTI. The fact that the 
serum pH is decreased more by ammonium chloride accompanied by 
sulfanilamide than by the same amount of ammonium chloride alone, 
whereas the serum bicarbonate changes are approximately the same, also 
suggests an in vivo inactivation of carbonic anh3'^drase by sulfanilamide. 

Although both the acid and alkali experiments ivith sulfanilamide are 
consistent with an inactivation of carbonic anhj'drase, these experiments 
do not conclusively prove the point, since primary alteration in pulmonarj’' 
ventilation could have affected the changes observed. 

SUMMARY 

Studies of the acid-base equilibrium of normal dogs following adminis- 
tration of sulfanilamide are reported. Therapeutic quantities of this 
compound do not cause marked changes in the acid-base equilibrium in 
the dog. 

Similar studies in which sodium citrate or ammonium chloride were 
given alone or along with sulfanilamide indicated that sulfanilamide pre- 
vented any increase in serum pH w'hen given with alkali (sodium citrate) 
but that the decrease in serum pH after acid (ammonium chloride) w'as 
accentuated by sulfanilamide. These findings lend support to the inac- 
tivation of carbonic anhydrase by sulfanilamide in vivo. 
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FACTORS AFFECTING THE HYDROGEN ION CONCENTRATION 
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That the intestine throughout its length adjusts the reaction of its con- 
tents to fit a definite pattern has been amply demonstrated in several 
species of animals (2-6). The present report deals with the acid-base 
alteration by which this adjustment is accomplished in dogs. 

Average values for pH, bicarbonate, and CO- tension in a number of 
loops in various sections of the intestines have been calculated from a rather 
e.xtensive series of measurements. The changes during the adjustment of 
higher or lower initial values to those characteristic of the portion of the 
gut involved have been followed in several cases. Finally, the effects of 
ammonium chloride acidosis and sodium bicarbonate alkalosis on the final 
values were studied. 

The experimental procedure and methods of analysis have been de- 
scribed in previous publications (7). Samples were collected under oil and 
the CO: content determined by the manometric method of Van Slyke and 
Neil! (8), The bicarbonate content and CO: tension were calculated as 
outlined by McGee and Hastings (2). 

As in previous investigations (7) acid and alkaline solutions of CaCb, 
bypo- and hypertonic with respect to blood, were used. They had the 
folloiving approjdmate compositions: Solution I, hypotonic, acid, 150 
milliequivalents of CaCb per liter, pH 4.5; Solution II, hypertonic, acid, 
400 milliequivalents of CaCh per liter, pH 4.6; Solution III, hypotonic, 
alkaline, 150 milliequivalents of CaClj per liter, pH 7.3; Solution W, hyper- 
tom'c, alkaline, 400 milliequivalents of CaClj per liter, pH 7.3. They were 
circulated through the intestinal loops for 3 hours except in the experiments 
used to compile Fig. 1. Observations on human subjects were made by 
the Miller-Abbott intubation technique. 

Results 

Table I shows the mean values of pHjs*, pCOj, and HCOj for five jejunal 
and four ileal loops in normal dogs. The sequence is the same as that in a 

■ ^ grants to the Vanderbilt University School of Medicine from the Divi- 
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Fig. 1, Cliangca in composition of solution witli time. Points .•!, B, C, D, and E 
represent .samples taken at 15, 30, GO, 120, and ISO minutes rcspcctivclj'. Points B, C, 
and D are usually not labeled. The figures on the curves represent the experiment 
numbers. The ordinate scale represents niM of HCOj; the abscissa, ram. of COi 
tension, 


Table I 


Acid-Base Bclationships in Jejunum and Ileum 


Dog No. 

Location 
of loop 

No. of 
experi- 
ments 

PUjs" 

Probable 
error of mean 

IICOi 


tCO: 

probable 
error of 
mean 

D-1 

Jejunum 

5 

6,13 

±0.0202 

m.xr 

2.50 


mn. 

69. S 

mm. 

±6.18 

2 


14 

0.55 

±0.0244 

2.93 

±0.2452 

48.2 


1 

tt 

12 

G.86 

±0.0195 

3.82 

iO- lS/0 

20.3 

±1.48 

7 

ll 

32 

G.90 

±0.0185 

5,30 

±0.1943 

28.2 

±1.54 

8 

(i 

20 

G.94 

±0.0111 

4.40 

±0.1932 

21.5 

±0.93 

6 

Ileum 

16 

7.14 

±0.0220 

10.07 

±0.4460 

28. 8 

±2.24 

9 

(( 

S 

7.24 

±0.0494 

17.61 

±1.5650 

44.8 

±2.68 

3 

(( 

13 

0.91 

±0.0310 

10.39 

±0.7560 

45.0 

±2.01 

4 


12 

6. 78 

±0.0459 

4.11 

±0.3272 

23.2 

±1.29 

Human 

Jejunum 

9 

0.63 

±0.0017 

3.26 

±0.1900 

31.5 

±2.94 


single intestine; inz., a rise in pH to a maximum value in the ileum tvitli a 
suhseriuent fall at the ileoeeeal valve. That these loops actually did follow 
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this sequence is not kno^ra, since the exact location of a loop can be deter- 
mined only on autopsy and several of these dogs are still in use. It can be 
stated, however, that they were in either the jejunum or ileum as indicated 
and that in Dogs 3 and 4 they were just above the ileocecal valve. 

These means include value.s for all four solutions, since a statistical exam- 

Table II 


Composition of Blood of Dog 8 


SoluUoa 

No. 

Etperi- 
Ticat No. 

NHiCl 

riiisma COi, acidolic dog | 

NaHCOj 

admiois- 

tered 

Plasma COj, alkalotic dog 

admims- 

ttred 

Before 

experi- 

dent 

Start of 
experi- 
meot 

End of 
experi- 
nient 

Before 

experi- 

ment 

Start of 
experi- 
ment 

End of 
experi- 
ment 



gm. 

m.tg. 

fn.tg. 

m.tg. 

gm. 

m.tq. 

m.eq. 

m.eg. 

I 

1 

4 



18.32 

3 

23 AO 

34.20 

35.10 



4 


17.38 

19.48 

3 

21.60 


31.50 



6 

24.68 

21.18 

18.06 

3 


32.23 

33.68 



G 



12.43 

3 






4 


15.17 

16.33 

3 


37.80 


n 


4 


16.40 

17.83 

3 


40.47 

38.40 

1 

4 


14.65 

16.14 

2 

24.73 

35.10 

33.29 



4 


14.63 

14.28 

3 

25.63 

36.90 

35.60 



4 



16.63 

3 

27.. 30 





S 




4 

24.52 

39.62 




5 

27.02 

18.45 

17.52 

4 

20.25 

28,37 


III 


3 


13.18 

12.82 

15 

22,50 


32.52 

1 

0 


12.43 


16 






5 


14.24 

14.53 

15 

23.86 

38.90 

37.72 



6 

27.52 

17.97 

16.58 

15 

24.73 





5 


18.92 

19.41 

16 

27.43 





G 



17.54 

15 



29.36 

IV 


6 


H 

17.76 

15 

1 



1 

7 


12.31 

13.87 

IG 





2 

6 


j 14.17 

13.23 

15 

25.98 




3 

6 


} 15.12 

14.54 

15 

1 




4 

9 


, 12.68 

13.23 

18 

i 




S 

7 



15.62 

17 

1 



— - 

6 

6 



14.85 

17 

i 




ination showed that in normal animals there is no significant difference 
between such values. 

Berk, Thomas, and Rehfuss (1) found that the over-all pH of the stomach 
0 asting dogs was less than that of the stomachs of fasting humans but 
at the reactions of the duodenal bulbs were the same. Apparently the 
simuarity continues into the jejunum. Our pH measurements on dogs 
agree with those of McGee and Hastings and our own on humans. These 
as authors studied pure jejunal juice, while we used solutions and our 
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Mean 
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results reflect the cITcct of dilution. lienee, our figures for CO: tension and 
HCOj in dogs and humans arc lower than theirs 'But our values for dogs 
arc of the same magnitude as tho.se for our human .subjects. 

The figures .seem to indicate that the incrca.se in pTI in the jejunum is due 
to combined dccrca.so in CO: fen.sion and increase in bicarbonate. In the 
ileum the picture abruptly clmngc.s and the ileal loops, with the exception 
of the last one, show a relatively liigli IICO3 with pCO: values of average 
magnitude. 

McGee and Hastings have made the suggestion that there are cells in the 
intestine that can .secrete acid and others that can secrete base. If this is 
correct, it appears from our figures that the high pH in the ileum is due toan 
increased secretion of base. 

Fig. 1 illustrates the jirogress of adjustment of acid and alkaline solu- 
tions to the composition characteristic of the individual loops. 

As has been pointed out previously (7), the pH of alkaline solutions 
introduced into loops is promptly reduced to acid levels and then is raised 
to the final value. The initial step takes place so rapidly that the acid-base 
changes arc difficult to follow. Fig. 1 .shows that in the changes subse- 
quent to this initial phase there is no consistent difTercncc between solutions 
acid and alkaline to start with. In two experiments with alkaline CaCls 
solutions. Experiments 3272 and 794,* and in an experiment with normal 
NaCl solution (not shown in Fig. 1) the pH values were going down when 
the first observations wore made. The graphs reveal a pronounced rise in 
pCO: during this first phase. The subsequent rise in pH is accomplished 
by a rise in HCO3. 

Two explanations are offered for the sharp decrease in the pH of alkaline 
solutions to values below the equilibrium ones: (1) gaseous CO: nia}’ diffuse 
more rapidlj' through the intestinal wall than does bicarbonate, thus caus- 
ing a temporary accumulation which is later neutralized as base comes in; 
(2) if the suggestion of McGee and Hastings is correct, tlie relative amounts 
of acid and base secreted bj' the intestine may cause temporary alterations 
in the pH. 

Table II gives the data on the composition of blood of Dog S which was 
made acidotic with NH4C1 and alkalotic with NaHCOa. The changes in 
composition of solutions under this treatment were compared with those in 
the untreated animals in Table III. A statistical analysis of these figures 
shows that in the untreated animal there is no significant difference in the 
final pH of a solution because of its initial concentration or pH. Any 
attendant differences in HCO3 or pCO: arc due to chance. The same ap- 

' The COj determinatioii for the 30 minute sample w.ia lost; so pCOi and HCOi 
could not be calculated. The pH value for this sample was 5.S, the original solution 
having a pH of 7.2. 
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pears to be true of the acidotic state. On the other hand, alkalosis causes 
significant increases in the final pH in comparison with the normal and 
acidotic states of all solutions e.N;cept the hypertonic acid ones. The high 
pH values were due to increased HCO3, the tension remaining within the 
normal range. In the case of the hypertonic acid solutions the increased 
HCO3 was counterbalanced by a large increase in COj tension which re- 
sulted m a normal pH. McGee and Hastings observed that human jejunal 
juice maintains a constant tension when HCI or NaHCOs is introduced 
into the gut, A similar situation seems to exist in intestinal contents 
(except as noted) when the blood itself is made acidotic or alkalotic. 

The observation that ammonium chloride acidosis produces no change in 
the reaction of inte.stinal contents is of interest because of its supposed aid 
in the absorption of calcium. If it has such an effect, it obviously is not 
because it makes the intestine more acid. 

SUMMARY 

Studies of the acid-base conditions in intestinal contents indicate that 
the progressive increase in pH throughout the jejunum is due to a com- 
bined increase in bicarbonate and decrease in C02 tension. The high 
values in the ileum are due to increased bicarbonate. 

The sharp drop in pH of alkaline solutions introduced into the intestine 
is due to a relatively rapid influx of CO2. Subsequent formation of bi- 
carbonate returns the values to the equilibrium point. 

Ammonium chloride acidosi.s causes no significant alteration in the reac- 
tion of intestinal contents, and hence does not increase calcium ab.sorption 
by increasing the acidity of the solutions in the gut. Bicarbonate alkalosis, 
on the other hand, produces a rise in pH. 

The reaction of the human jejunum is the same as that of the dog. 

Wc are indebted to the Department of Surgery, Vanderbilt Univemity 
School of Medicine, for the preparation of intestinal loops. 

BIBLIOGRAPHY 

i- Berk, J. E., Thomas. J. E.. and Rehfuss, M. E., Am. J. PlujsioL, 136. SCO ( I'J42) . 
McGee, L. C., and Hastings, A. B., J. Biol. Chem., 142. 893 (1942). 

. McRoberts, G. It., Indian J. Mod. Research, 16, 545 (1928). 

4. Robinson, C. S., Biol. Chem., 108, 403 (1935). 

5. Robinson, 0. S., .and Duncan, C. W., ./. Biol. Chem., 92, 435 (1931). 

(;• Robinson, C. S., and Gilliland, H. L., Proc. Soc. Exp. Biol, and Med., 37, 336 (1937). 
<. Robinson, 0. S., .Stevi-art, D. E., and Luckc 3 -, F., J. Biol. Chem., 137, 283 (1941). 

• ' an Slyko, ll. I)., a,,,] Neill. . 1 , M.. //,„/ 61. .523 (1924). 




A GROWTH STIMULANT FOR LACTOBACILLUS CASEI 

By maxwell A. POLLACK* and MANFRED LINDNERf 

(From the Clayton Research Foundation and the Biochemical Institute, The University 

of Texas, Austin) 

{Received for publication, November 9, 1942) 

In studies tvith Laclobacillus casei, it was observed that a striking stimu- 
lation in grondh resulted when natural extracts were added to a medium 
which contained all the known essential growdh factors for this organism. 
This effect was observed in short term growth tests (14 to 16 hours), and 
practically disappeared in a 3 day test. There was, apparently, an un- 
known substance or substances capable of stimulating the growth of Lacto- 
hadlbis casei in the early stages. Since it has become necessary for us 
to discontinue this project indefinitely, the preliminary work on the nature 
of the stimulant is reported at this time. 

Medium — 1 liter of the basal medium contained 200 y each of calcium 
pantothenate, ribofla%dn, nicotinic acid, pj'ridoxine, and thiamine, 0.5 y 
of biotin, 200 mg. units of folic acid, 5 mg. of inositol, 20 mg. each of adenine 
sulfate, guanine hydrochloride, uracil, and xanthine, 10 gm. of Difco 
technical Casamino acids, 200 mg. each of tryptophane and cystine, 12 gm. 
of sodium acetate, 20 gm. of glucose, 1 gm. each of potassium mono- and 
dihydrogen phosphates, 0.4 gm. of magnesium sulfate heptahydrate, and 
0.02 gm. each of sodium chloride, ferrous sulfate heptahydrate, and man- 
ganous sulfate monohydrate. The pH was adjusted to 6.7 before use. 

Assay Method 

Aqueous solutions to be tested for growth activity were placed in 2 X 10 
cm. test-tubes, and the volumes made up to 2.5 cc. with distilled w'ater. 
To each of these tubes were then added 2.5 cc. of the medium. The tubes 
were plugged with cotton, autoclaved at 15 pounds pressure for 15 minutes, 
and cooled. To each of the tubes was then added 1 drop of a light saline 
suspension of Lactobacillus casei, which had pre\iously been growm for 
24 hours in the inoculum of Pennington, Snell, and Williams (1). The 
inoculated tubes were incubated in an oven at 37° for 14 to 16 hours and 
the extent of growth wms determined quantitative!)'' bj'' measuring the 
turbidities of the resulting cultures in the Williams thermoelectric turbi- 
mmeter (2). It is probable that the production of lactic acid could also 
be used. In 15 to 21 hours, the addition of 400 y of peptone led to the 

Present address, E. F. Drew and Company, Inc., Boonton, New Jersey. 

I Present address, Columbia University, New York. 
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production of almost twice as mucli acid ns there was in tlic blanks. In 69 
hours, tlicrc was no din'erpneo in tlii-s respect between the tubes containing 
peptone and the blanks. 


Rcsulls 

Many plant and animal tissue extracts were found to produce increased 
growth over the l)lnnks in this test, although considerable variation in 
relative effect was obscn'cd. In tlic work reported here, Wilson's bacteri- 
ologic peptone was used as the source of the growth factor. The effect of 
graded additions of this peptone on the growth of the test organism is 



PEPTONE (MICROGRAMS? 


Fig. I. EITect of gmdccl ndilitioiis of peptone on tlie growth of tlic test organism 

shown in Fig. 1. All test solutions were compared with a peptone “stand- 
ard” which was always run at the same time. 

To determine Avhether the effect could be duo to deficiencies of known 
materials, a number of tests wore run. Doubling and tripling the content 
of the B A’itamins led to no increase in growth over that in the blanks, 
indicating the sufficiency of the basal medium in this respect, 

The following compounds were found to be Avithout effect Avhen tested 
individually: glycine, f-alanino, Weucine, rfWsoleucino, Z-aspartic acid, 
Z-glutamic acid, dZ-valine, Z-histidine, Z-tryptophane, Z-proline, Z-hydroxy- 
proline, dZ-serine, eZZ-threonine, Z-tyrosine, Z-ej’^stine, dZ-methionine, dZ-^- 
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phenylalanine, Wysine, 1-arginine, l-asparagine, ornithine, di-a-amino-n- 
butyric acid, a-aminoisobutyric acid, ^-amino-n-butyric acid, dl-a-anaino- 
n-caproic acid, hydroxylysine, «-amino-n-caproic acid, dl-a-aminocaprylic 
acid, dZ-a-amino-a-methylbutyric acid, dl-a-amino-n-butyric acid, dl-5- 
amino-n-valeric acid, d-glucosamine, glutathione, creatine, creatinine, 
acetylcholine, choline, ethanolamine, pimelic acid, glycolic acid, raffinose, 
arabinose, melibiose, galactose, ascorbic acid, fucose, maltose, mannitol, 
mannose, pyrazinemonocarboxylic acid, pyrazinedicarboxylic acid, p- 
aminobenzoic acid, thiochrome, indolylbutyric acid. 

A mixture of the first twenty amino acids produced a slight stimulation 
in growth, equivalent to approximately 5 per cent of the response exhibited 
by a like quantity of peptone. 

Of all the pure chemicals tested, glutamine was the only one to give a 
strong growth response. It was about 5 to 10 times as potent on an equal 
weight basis as Wilson’s peptone, which would indicate that, if glutamine 
were the active ingredient, it must comprise 10 to 20 per cent of the latter. 
However, glutamine was much more readily hydrolyzed than the peptone 
factor, and Feeney and Strong (3) have shown that glutamine produces a 
strong growth effect in a medium containing a large ammmt of alkali- 
treated peptone. We have found that mild alkali treatment (as in the 
preparation of the peptone for the Feeney-Strong medium) does not destroy 
the peptone factor, and, since glutamine has thus been shown to produce a 
strong effect which the peptone factor cannot duplicate, the non-identity 
of the two is fairly well established. To confirm this point, the work of 
Feeney and Strong was repeated and extended. A medium similar to 
theirs was constructed, with Wilson’s peptone. In the presence of excess 
pantothenic acid, glutamine gave a strong growth response over the blanks 
m a 14 hour growth test, whereas the addition of peptone was without 
effect. 

It is probable further that the peptone factor is not a peptide of 
glutamine, for a sample of peptone which was hydrolyzed in the presence 
of a mixture of proteolytic enzymes (caroid, clarase, trypsin, and polidase) 
also failed to give the glutamine growth response in the Feeney -Strong test. 
This indicates that no free glutamine was formed by enzymatic hydrolysis 
of the peptone, although the possibility remains that glutamine may have 
been formed and been h 5 'drolyzed further to glutamic acid, which would 
be inactive in this test. 

Other investigators have obtained evidence for additional factors in 
natural extracts stimulating the growth of Laclobacillus casei (4-8), but, 
since these effects were all observed in basal media containing considerable 
amounts of peptone, it is evident that the responsible stimulants are dif- 
ferent from the peptone factor de.scribed here. 
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Nature of Growth Factor — The factor ajjpenrs to be fnirl}' stable in neutral 
or weakly acidic or alkaline solutions. No destruction occurred on heating 
at 100° for 2 hours within a pH range from about 2 to 11. At pH 12 or 
liigher under these conditions, a 50 per cent lo.ss in activitj' occurred, which 
may indicate racemization. Strong acid is very destructive, most of the 
acti^^ty disappearing when the peptone was heated in 0.7 N or stronger 
sulfuric acid solution. Attempts to csterify the factor by heating in 
alcoholic hj'drogen chloride or .sulfuric acid were without avail, owing to 
the extensive destruction which occurred. 

Extraction of the solid peptone with methanol, ethanol, acetic acid, 
pyridine, aniline, and mixtures of these with water did not yield any ex- 
tracts which were more potent than the original peptone. 

Studies of the tendency of the factor to migrate towards the electrodes 
in an electrolj’tic arrangement (9) indicated that it contained both acidic 
and basic groups. The greatest concentrations were found in the cups 
which were in the pH range from 3.5 to -1.5, indicating an isoelectric point 
in that region. 

It is probable that the factor docs not contain any peptide linkages, for 
no increase or loss in activity was observed on hj’drolyzing a sample of 
peptone in the pro.sonco of a mixture of protcob’tic enzymes (caroid, clarasc, 
trypsin, and polidase). 

One of the outstanding charactcristi&s of the factor wa.s its resistance to 
adsorption. No, or very little, .selective ad.sorption was ob.served when 
aqueous solutions of peptone were shaken with 25 per cent of the solids 
weight of activated alumina, Darco G-GO charcoal, silica gel, titania, benton- 
ite, or montmorillonito. Varying the pH from 3.0 to S.O or heating at 
100° or both had only small effects. Tlie adsorption on charcoal was not 
appreciably greater when methanol was used as the solvent. By using 
large amounts of charcoal (300 per cent of the solids weight), approximately 
70 per cent of the activity could be removed from an aqueous solution at 
its natural pH, but GO per cent of the total solids was also removed, thus 
again showing only slight differential adsorption. Elution of this charcoal 
adsorbate has not yet been studied, and it is possible that preferential 
elution may be effected. 

Partial precipitation of the activity was observed xvhen aqueous solutions 
were treated with various heavy metal salts. Mercury and silver in 
alkaline media appeared to be the most effective precipitants. The factor 
xvas not precipitated by phosphotungstic acid, picric acid, or ixicleic acid. 
Flavianic acid was more effective, but the precipitation was not selective, 
and the potency of the precipitated matter was not higher than that.of the 
solids in the filtrate. 

On the assumption that the factor might contain a carbo.xylic acid 
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function, the procedure for the preparation of the brucine salt was fol- 
lowed, and the dry solid extracted with chloroform and ethanol. Only 
small amounts of activity were extracted and no concentration was effected. 

SOTIMARY 

1. The presence in natural extracts of a substance of unknown nature 
which stimulates the earlj' growth of Ladobacillus casei is demonstrated. 

2. The properties of the growdh factor indicate it to be very water- 
soluble, and not very soluble in organic solvents. It is stable in weakty 
acidic or aUcalme solutions, but is destroyed by strong acid or alkali. It 
is probably not a peptide and appears to be amphoteric, wdth an isoelectric 
pomt in the pH region from 3.5 to 4.5. It is very resistant to adsorption 
and is partially precipitated by flavianic acid and heavy metals. 

We wish to thank Miss Jean Taylor for her assistance. 
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THE ABSORPTION AND RETENTION BY DOGS OF SINGLE 
MASSD'E DOSES OF VARIOUS FORMS OF VITAIMIN D* 

Bv AGNES FAY MORGAN and NOBUKO SHIMOTORI 

(From the Lahoratory of Home Economics, University of California, Berkeley) 

(Received for publication, October 10, 1942) 

In a previous study (1), it was found that large amounts of vitamin D 
as delsterol (presumabl}' vitamin Dj) caused greater damage in rats fed 
varying amounts of Ca, P, and vitamin A than did corresponding excessive 
amounts of vitamin D as irradiated ergosterol or calciferol (vitamin Dj). 
However, the rats later relieved of excess delsterol recovered growiih more 
rapidly and presented better condition in both the soft tissues and the 
bones than did the rats relieved of the corresponding excess of vitamin 
Dj. These notes on the progress of, and the recovery from, vitamin D 
hypendtaminosis suggested the mew that irradiated animal sterol, vitamin 
Da as delsterol, may be more rapidly and completely absorbed than the 
irradiated plant ergosterol or calciferol, mtamin Dj, and is likewise more 
rapidly and completely excreted. The present study was undertaken to 
determine whether such differences in absorption, excretion, and retention 
could be detected when vitamin D from various sources was given. One 
moderately large dose of vitamin D in the form of irradiated ergosterol, 
activated cholesterol (delsterol), or tuna liver oil was given orally to dogs 
and the presence of the vitamin was followed in the blood and the feces as 
well as its effect on serum calcium for 180 daj'S. These dogs were later 
given a single massive dose, 200,000 u.s.p. units per kilo of body weight of 
irradiated ergosterol and delsterol respectively, and after 3 days were 
sacrificed and their tissues examined for vitamin D content. 

EXPERIMENTAL 

Three pure bred cocker spaniel dogs of the same litter, bom in the lab- 
oratory colony, were weaned when 1 month old and placed on the following 
diet; granulated sugar 20.9, com-starch 8.4, raw casein 45.8, fat 10.0, Salts 
5 (2) 2.4, CaCOa 1.5, wheat germ 5.0, brewers’ yeast 6.0 per cent. This 
diet, which is the stock diet for the colonj', promded approximately 40 
per cent protein, 0.96 per cent Ca, and 0.74 per cent P and, supplemented 
by the fat-soluble vitamins, was apparently adequate in all respects for 
the growth of the.se animals. 

The dogs were kept in individual metabolism cages in the laboratorj' 

* AssisUincc in this .study w.-i.-: rendered bv tlie Work.s Progress Administration, 
Unit A24 (0S03.1895-S-1). 
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during tho entire iioriod of their lives, 12 to M months. They were never 
expo.scd to direct sunlight. 

At first fiO gm. of dry food daily per kilo of body wciglit were fed and the 
amount decreased willi dimini.shing needs and appetite of the animals to 
30 gm. after <1 montlis and to 25 gm. per kilo after 7 rnonUis. During the 
1st month after they were weaned the dogs received 1 gm. of cod liver oil 
per kilo of body weight per day and Rrifiicicnt shark liver oil to supply an 
additional 800 units of vitamin A per kilo per day. The cod liver oil was 
removed when the dogs wore api)roximately 2 months old, and the vitamin 
A continued in the form of diluted .shark liver oil at the .same level of 800 
units per kilo i)cr day. O'liis amount of shark liver oil supplied negligible 
amounts of vitamin D (0.05 tT..s.i*. unit per kilo per day). After 2 months 
of this depletion when no detectable amounts of vitamin D appeared in 
the feces, one dose of vitamin D was given in the following forms, each of 
w’hich had been rca.ssaycd to cstnbli.sh its vitamin potenej’. 

Tuna Liver Oil (Kaisuiconus pclamis)' — The original preparation which 
contained 120,000 u.s.p. units of vitamin D and ‘10,000 units of vitamin A 
per gm. was diluted with an equal weight of corn oil. Tliis was given to 
Dog 330, a female. 

Iiradialcd Ergoslcrol' — The original product which contained 1,000,000 
u.s.p. units per gm. was dissolved in corn oil and sufficient shark liver oil 
was added to produce the same concentrations of vitamins A and D which 
were present in the diluted tuna liver oil. This was given to Dog 331, 
a female. 

Activated Cholesterol (Dclsterol)- — Tho original product which contained 

300.000 u.s.p. units of vitamin D was di.ssolvcd in corn oil and sufficient 
shark liver oil was added to give the same concentrations of vitamins A 
and D as were in the diluted tuna liver oil. Tliis was given to Dog 328, 
a male. 

Each animal received orally in a gelatin capsule on June 13, 1940, when 
it -was 117 days old, one dose of the prescribed oil sufficient to pro^^de 

20.000 units of vitamin D and 6667 units of vitamin A per kilo of body 
weight. 

Blood samples taken before and at intervals after the dosing were exam- 
ined for semm calcium and vitamin D content. Feces were collected 
daily for the first 4 days, then pooled into weekly collections for vitamin 
D assay. 

• We acknowledge with gratitude the gift of the tuna liver oil and of the irradiated 
ergosterol from Mead Jolinson and (’ompanv, Mvansville, Indiana, through C. E- 
Bills. 

= We arc indebted for this prod\ict to J. Waddell of E. I. du Pont do Nemours and 
Company, Inc., New Brunswick, New Jersey. 
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Methods 

The method xised for the vitamin D assay of the feces was essentially 
that of Heymann (3). The feces were dried at 80°, weighed, covered with 
20 per cent KOH in ethyl alcohol, and heated on a water bath for about 
3 hours. The still hot, but liquid material was extracted five times with 
300 to 600 ml. portions of ethyl ether, the combined ether extract washed 
with water until the w'ashings became colorless, dried with anhydrous 
Na^Ot, and the ether distilled off. The residue was dissolved in com oil 
in an amount equal to one-sixth of the original dry weight of the feces. 
The extract was administered by pipette for 8 consecutive days to standard 
rachitic animals. The rats were sacrificed after the 10th day, the tibias 
were removed, cleaned, split, and stained %Wth silver nitrate, and the line 
test readings made. 

Blood samples were taken from the femoral vein, centrifuged, and the 
serum separated and kept frozen until it was used for assay. The semm 
was injected intramuscularly into standard rachitic rats daily for 8 days, 
a total of 3 ml. of semm being administered, and the rats were killed after 
10 days. The tibias were removed for line test readings as above. 

Calcium of the serum was determined according to the method of Larson 
and Greenberg (4) and inorganic pho.sphate by that of Fiske and Sub- 
barow (5). 

Results 

The single moderate dose of 20,000 units of vitamin D per kilo of body 
Weight produced no visible deleterious effect on growth, appetite, or the 
general behavior of the dogs (Fig. 1). Radiographs of the wrists taken at 
intervals during the 6 months following the dosing indicated that no 
rickets developed. This strain of cocker spaniels has been found (6) to 
require about 72 units of vitamin D per kilo per day during the first 4 or 5 
months after weaning in order to insure normal bone development. It may 
be that young dogs, even more appropriately than human infants, can be 
economically and successfully protected against rickets by the vitamin 
D-Stoss treatment. 

The results of the vitamin D assay of the blood and feces and of the 
serum calcium determinations are noted in Table I. In no case was an 
appreciable amount of mtamin D excreted after the 1st day. This is in 
marked contrast with the results of Heymann (7) who found vitamin D 
l^rsistent in the feces of two adult dogs for 8 months after the administra- 
tion of viosterol and for at least 0 months after the administration of dris- 
dol. Tile vitamin D was given in somewhat larger amount than was used 
® the present study. Explanation for the differences may be found in 
differences in the degree of previous vitamin D depletion of the animals 
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and in diffcro.nccK in ilicir ages. TIjc growing puppies wliicii were used in 
this experiinnit may have utilized or stored vitamin D more (luickly or 
cfiiciontly to meet growth requirements than riid the adult, dogs of Hey- 
mann’s experiment. Windorfer (8) who gave single massive doses to 
rachitie infants also found that there was practically no excretion of vita- 
min D in the feces after the first few da3’s. 

No evidence of reexcretion of vitamin D through the gut was obtained 
during the 2G days of continual collection of feces following the dosing nor 
in the 4 weeks collection made during the 3rd month thereafter. 



Fio. 1. Tlie growth of three cocker .sjsinicl dogs from hirtli to S inontlis of age, as 
affected I)y admini.strntion of one do.se of vituiniu D, 20,000 v..s.i>. units per kilo, when 
117 clays old. 

In order to exclude the pos-sibilitj’ of differences in the capacity of the 
dogs to absorb fat, balance studies were made bj’ the method of Fow- 
weather (9) for determination of total fecal fat. Tlic three dogs were 
found to absorb uniformlj'’ 9G.5 to 97.9 per cent of the food fat. 

Vitamin D remained circulating in the blood for about 5 months follow- 
ing the administration of dclsterol and of irradiated ergostcrol but for only 
about 3 months in the case of the tuna liver oil. The elevation of senim 
calcium was both greater and longer sustained following the giving of the 
irradiated ergosterol than in the other two cases. The In^percalcemia 
caused by the tuna liver oil especially was mild and transitorJ^ Warkany 
and Mabon (10) found wide variation in the vitamin D of the serum of 
human subjects, both children and adults. The method (11) was some- 
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Table I 

Effect of One Moderate Dose {tOflOO Units per Kilo) of Vitamin D upon Serum Calcium 
and Vitamin D Content of Serum and Feces of Dogs 



Serum Ca and vitamin D* 

Fecal vitaiomD shoTO by line 
test in ratsf 

Days after dosing 

)og328, delsteiol | 

irradiatra 

ergosterot 

Doc 330, 
tuna Uver oil 

Dog 32B. 
dctaterol 

Dog 331, 
irradUted 
ergosterol 

Dog 330, 
tuna liver 
oil 

Ca ] 

..in e test 

Ca 

Line 

test 

Ca 

Lriae test 

(1) 

(S 

(3) 

(4) 

(3) 

(6) 


iSl 


mi. 


mg. 











per cent 


percent 










1.5 

10.8 

1.0 

10.4 

1.0 

m 

1/21 

■ 

1/12 

0 

1/16 
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4 (Hrs.) 

15.4 

iSI 

14.3 

3.0 

12.1 

2.5 

3.0 

1/11 

m 

1/8 

2i 

I/IO 

9 “ 

14.1 

HI 

12.3 

2.5 

12.3 








1 

10.3 

4.0 

14.6 

2.0 

14.2 

k89 

0 

1/6 

0 

1/11 

El 

1/11 

2 







0 

1/4 

0-i 

1/13 

El 

1/6 

3 







0 

1/7 

0 

1/3 

0 

1/7 

4- 11 


3.0 

14.5 

1.5 

11.2 


0 

1/6 

0 

1/5 

1-0 

1/5 

12- 19 

10.7 


13.9 

2.5 

10.6 

3.0 

0 

1/5 

0 

1/4 

El 

1/3 

20- 26 



14.2 

3.0 

11.5 


0 

1/6 

(H 

1/5 

El 

1/4 

27-33 

11.5 

2.0 

12.5 

2.5 

9.8 








34- 40 




0 

10.5 








41- 47 

10.6 


13.4 


12.4 

2.5 







43-64 

11.6 

3.0 

12.7 


12.2 

2.0 







55-61 

8.9 


12.2 


11.0 








62- 68 

10.5 

Ksl 

12.8 

4.0 


2.5 







69- 76 

11.2 


inn 










77- 83 

11.5 



2.5 

9.4 

3,0 

a 

1/2 

El 

5/12 

El 
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9.6 


12.5 


11.8 








91- 97 

10.1 

1 

11.0 


11.4 








98-104 

9.8 


10.5 

2.5 

10.0 

3.0 







105-111 

11.3 

mm 

11.3 

0.6 

8.8 

0 







112-118 

11.5 

1.5 

11.5 

3.5 

11.8 

0.5 







119-132 

10.5 

2.5 

11.2 

3.0 

11.5 

0 







133-139 

11.3 

1.6 

11.3 

2.5 

10.5 

1.0 







140-146 


2.5 


2.0 


0 







147-153 


2.5 


2.0 

10.8 

0 







154-160 


2.5 


1.0 


0 







161-167 


Trace 


0.5 


0 







168-173 


0 

i 

j 



Trace 







174-180 


0 

1 


1 

1 

0 






! 


Shown by the line test in rats fed 3 cc. of dog serum, 
t The figures shown in Columns 2, 4, and 6 represent the fractions of the total fat 
extract of the feces which were fed to individual rachitic rat.s. 


"hat like that used in this .study but an attempt was made to determine 
the actual level of vitamin in the .eenim. For 89 .subjoct.s they found the 
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average value 11G,4 units per 100 ml., with a range of OG to 105. The 
quantitj’ pre.scnt in the clog .serum u.secl in Ihi.s .study mu.st have been near 
100 units per 100 ml. of .senim during the periods when the presenee of the 
vitamin was demonstrable. In a later .study of six adult arthritic patients 
(12) given from 50,000 to 500,000 units of vitamin D daily over a long 
period the scrum was found to eont.ain 9000 to 13,000 units per 100 gm. 
and to maintain a very high level for .several months after the treatment 
was stopped. 

These results arc of interest in connection with the vitamin D-Stoss or 
loading technique introduced since 193G by German clinicians for the pre- 
vention of rickets in infants. Harnapp (13), ^''oIlmcr (14), Zclson (15), 
and others have reported succe,ss in curing and preventing rickets by the 
use of single massive do.scs of vitamin D 2 or Dj either parentcrally or by 
mouth. The economy and certainty of the procedure are advanced ns 
reasons for preferring it to the administration of small daily doses over 
long periods of time. From 3 to 15 mg. of irradiated crgostcrol, or vitamin 
Da, presumably 120,000 to 000,000 u.s.p. units, administered in one dose, 
have been reported ns a safe and cfTcctivc antirachitic treatment. 

Few e.xpcrimental obsciwations have been made, however, and nearly 
all the reports concern only clinical freedom from rickets. .Completeness 
of absorption, amount and site of storage, and pathological effects, immedi- 
ate or remote, of these largo single do.scs need to be cstnbli.shcd. Windor- 
fer’s (8) studj’' of absorption indicated that less than 10 per cent of the 
vitamin was excreted in the feces of .six rachitic infants, all within 3 days 
after administration of 10 to 15 mg. of vitamin D: and in one case on which 
autopsy was performed less than 8 per cent, of the dose was found in the 
tissues. Vollmer (IG) made a similar study of the tissues of two children 
which had received 200,000 units of vitamin Da per kilo of weight and was 
able to find very little stored vitamin. 

Coppens and Metz (17) detected vitamin D in the liver, adrenal cortex, 
lungs, blood, spleen, mesentery, and in two out of four cases, in the kidneys 
of dogs 10 hours after the feeding of irradiated ergosterol, but none in heart, 
brain, skin, and pancreas. If the animals were allowed to survive longer, 
there were progressive losses in the liver until, after 2 da 5 '^s, there was none 
left in that organ. Metz and Coppens (18) postulated the c.xistence of an 
enzyme in the lungs which was capable of decomposing vitamin D in the 
presence of o.xygen, since the vitamin disappeared rapidly from lung tissues 
originally rich in vitamin D if kept in an incubator for 24 hours, but not 
if the lungs were kept in an atmosphere low in oxygen at low temperature. 
Only a small amount of the ingested vitamin D was stored in the blood 
and liver of growing calves fed cod liver oil concentrate or irradiated yeast 
(19), but after a single large dose of irradiated ergosterol fed to male adult 
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rabbits vitamin D was found (3) in the brain for 1 to 2 weeks, in the red 
blood corpuscles for 5 to 6 weeks, in the skin for 6 to 8 weeks, in the kidney 
for 6 to 9 weeks, and in liver and blood for 12 weeks. 

Tissue Storage of Vitamin D— The nex't step taken therefore in this study 
was the administration of a large dose of the vitamin to the dogs in order 
to discover the place and amount of storage of e.vcess vitamin D. llTien 
the same three dogs previously studied were 12 to 14 months old, they were 
given orally one dose of 200,000 units of vitamin D per kilo. One animal 
was given irradiated ergosterol and the two others delsterol. 

Blood samples taken before and at intervals after the dose were e.vamined 
for serum calcium, inorganic phosphorus, and vitamin D. Daily collec- 
tions of feces were made and the dogs sacrificed 3 days after the administra- 
tion of the vitamin dose. The dogs were killed by an intravenous injection 
of sodium amidal and exsanguinated b}' draining the carotid artery, and 
the following organs were removed for vitamin D assay: spleen, stomach, 
small intestine, large intestine, liver, kidney, heart, lungs, brain, muscle, 
skin, and subcutaneous fat. Non-saponifiable extracts were made after 
the method previously described, except that the non-saponifiable matter 
of each collection w'as dissolved in 1 gm. of com oil. 

The dog which received irradiated ergosterol showed no \dsible untoward 
effect of the large dose on the 1st or the 2nd day after the administration, 
but responded with a little vomiting on the 3rd day. The dogs which 
received the delsterol were more affected. They vomited on the 1st day, 
had diarrhea, and showed little activity. By the 3rd day they were in an 
advanced state of lassitude and weakness, had rapid respiration, running 
eyes, and refused to take w'ater or food. 

The results of vitamin D assay of the tissues are summarized in Table 
II and changes in serum calcium and inorganic phosphate in Table III. 

Obviously there is an initial drop within the first 4 hours follow’ed by a 
nse to a peak in 12 hours in both seram calcium and inorganic phosphate. 
This rise was greater, occurred somewhat later, and was longer sustained 
for calcium but less for phosphate in the case of the irradiated ergosterol 
than in those of the irradiated animal sterol. Tliis is consistent with the 
serum calcium findings of the earlier experiment (Table I). Vitamin D 
m excess of 300 units per 100 gm. of serum was found in each case in blood 
samples taken vithin 45 minutes after the massive dose was given and was 
maintained thereafter, although serum samples withdrawn the day before 
wore negative. 

^ itamin D was present in the feces of all three dogs on the 1st and 2nd 
days after the dose was ©ven and on the 3rd day in the case of the two dogs 
^'mch had recieved delsterol but not in the case of Dog 331 which had 
received irradiated ergosterol. Possibly the absence of diarrhea in the 
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Taiiu: II 


Vitamin D Content of Tisaucn of Dogs Given fiinglc Massive Dose (£00,000 Units per 

Kilo) of Vitamin Dt or Di 


Tissue 

Total 

\TcJ;:ht of frMh 
tissue taken 

Weight of 
dilutet! unuponi- 
fiable ettrset 

Amounts fed 

Vitamin D per 
gm. fresh tissue, 
V.S.F. units 

Doff 

331 

Bok 

3:8 



noR 

331 

Dor 328 

Dog 331 

Dor 

3:s 


im. 

pn. 

1 grt. 

1 

r«. 

1 

gn. 1 




Kitlnoy 

m 

82 

0.0 

13.7 

0.5 

0.2 

3-5 

8 






1.0 

0.1 




1 




0.1 

0.05 



Heart 

70 

92 

10.0 

15.3 

0.5 

0.2 

5 

3-5 





1 

1.0 

0.1 








0.1 

0.05 



Small intcatino 

204 

235 

32.2 

39.2 

1.0 

0.5 

1.5 

5 






0.1 

0.2 









O.I 


1 







0.05 



Lareo “ 

39 1 

39 

5.2 

0.5 

1.0 

1.0 

0.5-5.0 

3-5 


1 




0.1 

0.6 








1 

0.2 








1 

O.I 



Liver 

2S7 

377 

46.3 

62.9 

0.5 

0.2 

1.6 

3-5 






1.0 

0.1 








0.1 




Lung 

69 

97 

10.1 

16.1 

0.5 

0.2 

0. 7-1.0 

3-5 

i 

1 




1.0 

0.1 








0.1 

0.05 



Brain 

73 

77 

11.0 

12.8 

0.5 

0.5 

0.7-1. 0 

3-5 




1 


1.0 

0.2 





i 



0.2 

0.1 








0.1 




Spleen 

35 

37 

4.1 

6.2 

1.0 

• 0.5, 0.2 

0.4-1. 0 

3-5 






0.1 

0.1 



Muscle 

32 

39 

4.0 

6.5 

1.0 

0.5 

0.5-1.0 

<3 






0.2 

0.2 









0.1 



Stomach 

86 

SO 

12.7 

13.3 

1.0 

1.0 

0.7 

0 






0.2 

0.5 



Abdominal fat 

34 

128 

4.8 

21.4 

1.0 

1.0 

0. 3-0.5 

<1 



i 



0.5 

0.5 



Skin and hair 

237 

322 

39.2 

53.7 

1.0 

0.5 

0.5-1. 5 

0 






0.2 

1.0 




latter may account for this difference. Similarly the total excietion of 
both calcium and phosphate was little affected during the 2 days after the 
massive dose of irradiated ergosterol was given to Dog 331 but in the case 
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of the ddstcrol treatment of Dog 330 an immediate increase in calcium 
excretion occurred, followed on the 2nd daj’ by a similar increase in 
phosphate excretion (Table IV). 

Tabue III 

Serum Calcium and Phosphorus of Dogs Given One Massive Dose of Vitamin D {200,000 

Units per Kilo) 


The values are expressed in mg. per 100 ml. of serum. 


Hrs. after dosing 

Dog 331, irradiated crgosterot 

Dog 330, deUtcfol 

Dog328,dclsterQl 

Ca 

P 

Ca 

mm 

Ca 

P 

Before 

10.9 

2.5 

11.4 

■9 

8.0 

3.0 

0.50 







0.75 

11.1 

2.4 








11.1 

3.6 

11.5 

3.0 

1.25 


3.4 





2.0 







4.0 



8.4 


13.8 

3.1 

4.5 

S.5 

3.5 





7.0 





i 

7.7 

8.0 



13.9 




9.0 

16.0 

6.4 





24.0 

15.9 

4.3 

13.0 



5.7 

48.0 

14.0 

4.9 

9.5 

4.8 

12.2 

4.2 

72.0 

1 11.4 

3.1 

9.8 

3.6 

12.0 

3.6 


Table IV 

Fecal Excretion of Ca and P after Administration of Massive Dose of Vitamin D (200,000 


Units per Kilo) 


DogKo. 

Body 

Tte^ht 


Collection period 

Fecal 

Total excretion 



D 

I 

i P 

331 

330 

331 

330 

331 

330 

331 
330 

it. 

9.3 

8.2 

9.3 

8.2 

9.2 

8.0 

8.8 

7.9 

Irradiated ergoaterol 
Delsterol 

Irradiated ergosterol 
Delsterol 

Irradiated ergosterol 
Delsterol 

Irradiated ergosterol 
Delsterol 

Day before dosing 

Ist day after dosing j 
2nd day after dosing 

3rd day after dosing 

0 

0 

++ 

'bd' 

++ 

++ 

0 

++ 

^ me. 
187 
160 
131 
402 
213 
176 
S3* 
83* 

«f. 

1497 

1139 

1274 

1148 

1048 

1480 

324* 

208* 


* Feces only; urine lost. 


The greatest deposits of vitamin D appeared to be in the kidney, heart, 
and intestines, and the least in stomach, skin and hair, fat, and muscle. 
The liver, lung, and brain were intermediate and appeared to be capable 
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of oulj modonuc sturagc of ti.c vilnniin.. Thi.s confiims the finding of 
Ictz and Coppons (fS) of Ihe di.snppoarnncc of the vitamin from dogjivere 
and lungs \vitiiin 3 days of ndminisf ration and of Voilmer (IG) on its ab- 
sence from liver and brain of a cliild similarly dosed. 

The maximum vitamin content of the dog tissiic.s mentioned in Table 
ir was determined for both dog.s in mo.st cases. None of the tissues eon- 

^ ^ kidnevof 

Jog 32S, 8 units per gm., thus accounting for less than 00,000 units of the 
total dose of 2,-100,000 units fed, in the ca.-;c of Dog 328 ivhich iveighed 12 
Jvdos. Some tissues other than tho.se examined must therefore have carried 
the major portion of the .stored vitamin, unless the blood was the reposi- 
ory. Ma.ximum 7'alucs for the serum were not determined but even if 

fonno-! mentioned by Warkany ct al. (12) prevailed (9000 to 

13,000 units per 100 ml.) less than 100,000 units would be thus accounted 
or, an approximately 10 per cent of the whole dose in all the tissues cs- 
ima e . n t le ease of Dog 331 the amount of vitamin stored in the 
tissues was usually less than wn.s found in Dog 328, and again the total 
acTOun e or uas less than 10 per cent of the vitamin administered. 

10 s a e 0 our knowledge as to the place of storage or of destruction 
of excesses of vitamin D is_ unsatisfactorj*. Onl}* four liuman eases, chil- 

^^”i 200,000 units per kilo, have boenstudied, 

one by Windorfcr (8) and three by Voilmer (16). The findings were incon- 
sistent, as noted previously. Before acceptance of the ^dtamin D-Stoss 
therapy for nckets can bo advocated, more must be known on this and the 
le a e pro em o the sequelae of long continued livporcalcemia. In any 
case It would appear that irradiated crgosterol (vitamin D.) is more likely 
0 m uee mote prolonged and continuous clei*ation of serum calcium level 
than does irradiated cholesterol (vitamin D,). 

All of these observations tend to confirm the conclusion suggested in an 
^ 'x I t irradiated animal sterol (delsterol) is more 
who ^ ^ ^ more rapidly excreted, immobilized, or destroyed 

I- irradiated crgosterol. Again the vitamin D of 

appeared to be milder and more transitorj’- in ita effects than 
either of the other forms. 


were of 20,000 units of vitamin D per kilo of body weight 

er^sS nr f, 1 ™ (activated animal sterol), irradiated 

mLths thL*, depleted of vitamin D for 2 

in the feces aftw Se"" IsTdir ^ 

2. Vitamin D was present in the blood for about 100 days when tuna 
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liver oil was given, and for about 5 months when either delsterol or irradi- 
ated ergosterol was the source of vitamin D. 

3. Delsterol caused an immediate rise in blood calcium, which fell to 
normal within a week. Irradiated ergosterol caused a prolonged rise in 
blood calcium lasting for about 2 months, while tuna liver oil caused only 
a mild and transitorj’’ hypercalcemia. 

4. This single dose protected the dogs against rickets and allowed opti- 
mum grou’th for the 12 to 14 months of observation following its ad- 
ministration. 

5. A single masave dose (200,000 tj.s.p., per kilo of body weight) of vita- 
min D administered to these three dogs w'hen they were 12 to 14 months 
old, as delsterol to two and as irradiated ergosterol to the third, produced 
severe and immediate prostration in the former and less obvious distur- 
bance in the latter case. 

6. Vitamin D appeared in the feces after administration of the dose for 
2 days onlj' in the case of the irradiated ergosterol but for 3 days preceding 
sacrifice of the animals given delsterol. 

7. Calcium excretion was increased at once bj' the delsterol but not by 
the irradiated ergosterol but serum calcium was raised more markedly bj'' 
the latter. 

8. Vitamin D was found in the serum and most of the tissues examined 
but in markedly limited amount. No tissue of either dog contained more 
than 5 tmits per gm. of fresh tissue, except for the kidney in one dog given 
delsterol, which had 8 units per gm. Less than 10 per cent of the %utamin 
given in either form can be reasonably accounted for. 

9. The bearing of these findings on the value and safety of antirachitic 
prophylaxis for infants through single massive doses of vitamin D is 
discussed. 
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MECHANISM OF VITAMIN D ACTION IN DOGS SHOWN BY 
RADIOACTIVE PHOSPHORUS* 

By NOBUKO SHttlOTORl and AGNES FAY MORGAN 
(From the Laboratory of Some Economics, University of California, Berkeley) 

(Received for publication, October 27, 1942) 

Vitamin D in small amounts has been shown to aid calcium and phos- 
phorus assimilation in the animal body, but the mechanism underlying 
this process is not clearly understood. Harris and Innes (1) concluded 
from their observation that vitamin D increases the net absorption of Ca 
or P or both from, or decreases the excretion into, the gut, thereby in- 
creasing the apparent solubility of Ca and P in the blood and facilitating 
calcification in certain sites. Taylor, Weld, and Sykes (2) suggested that 
vitamin D promotes Ca and P utilization through stimulation of hormone 
production by the parathyroid glands. There is a lack of conclusive 
evidence for this relationship. Nicolaysen (3) has put forward the view 
that the action of vitamin D in the gut is confined to a direct effect on the 
absorption of calcium, thus only indirectly affecting the absorption of 
phosphorus. Recent experiments with the radioactive isotope of phos- 
phorus also indicate that increasing the net absorption of phosphorus is 
probably not the outstanding action of vitamin D. Dols et al. (4, 5) 
have reported from experiments vvith radioactive phosphorus that vitamin 
D appears to have no characteristic action on the absorption or the ex- 
cretion of the labeled phosphorus in the gut of the rachitic rat. They 
found P metabolism of the bone of rachitic chicks as a whole to be more 
intense than that of normal birds. Furthermore the radioactive P was 
concentrated more rapidly in the epiphyses than in the diaphyses. Cohn 
and Greenberg (6) concluded from their similar experiment ivith rachitic 
rats that vitamin D "acts to aid the conversion of organic to inorganic 
phosphorus, and that the transfer of phosphorus from blood to the organic 
fraction of bone is independent of vitamin D." Morgareidge and Manly 
(7) found that the vitamin D administered to rachitic rats had no influence 
on the entrance of P into the blood or into the diaphyseal portion of the 
tibia, ^ although it produced healing in the metaphyses, as shown by the 
positive line test, which occurred concomitantly nith a significant increase 
in the content of radioactive P. These results supported their conclusion 
that vitamm D has, at least for one of its actions, a direct influence on the 
metabolic factors controlling calcification and its action is not limited to 

Assistance in this study was rendered by tlio Works Progress Administration, 
unit A24 (No. OS03-1895-S-1). 
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the control of intcsliniil absorption of (he elements concerned in cal- 
cification. 

In the prc.scnt. fwpcriincnt, a .•^inplc large cIo.se of vitamin D was fed 
along with the radioactive P in order to proclurc striking cfTects of the 
vitamin for the puriio.so of obsciwing its influence on the P metabolism. 


K.Kl'EltlMKNTAt, 

The radioactive phosphoru.s used as the indicator, P”, wa.s prepared by 
(he bombarding of red P^' by accelerated deuterium ions in the Berkeley 
cyclotron.' It has a half life of l-f.5 day.s and emits ^-rays. A 1 per cent 
NaoHPO^ solution was prepared from the radioactive phosphorus and 
fed as such. 

Three adult pure bred cocker spaniel dogs, a bitch and her two daughters, 
were used in this experiment. They had been subsisting for more than 1 
year on a stock dog diet.= 

Dog 301, 3 years old, which .«crved as the control, received 375 i.u. of 
vitamin D dail.v from cod liver oil. When 1-1 months old, Dog 330 re- 
ceived a single dose of 200,000 i.u. per kilo of body weight of irradiated 
ergosterol," and Dog 331, when 12 months old, received the same massive 
dosage in the form of delstorol.^ The oils were fed by mouth to Dogs 330 
and 331 and immediately following the dosing all three animals received 
by stomach tube 1 cc. per kilo of body weight of the radioactive phosphate 
solution. Blood samples were then taken at frequent intervals for the 
purpose of following Ca, inorganic P, and radioactive P levels of the Ecnini. 
Daily urine and feces collections were made for 3 days for the study of Ca, 
P, and radioactive P excretion. The dogs were anesthetized 72 hours after 
the administration of the dose bj' an intravenous injection of sodium 
amytal and c.xsanguinatcd by draining blood from the carotid artery, and 
the following organs were removed: spleen, stomach, small intestine, large 
intestine, liver, kidneys, adrenals, ovaries, heart, lungs, brain, a sample of 
leg muscle, skin, and a layer of fat underneath the skin of the dorsal side. 
The femur and tibia were also saved. 

* We acknowledge witli gratitude our debt to j\I. D. Knmon of the Rndintion 
Laboratory, University of California, and to M, Murayama for the preparation of the 
radioactive phosphate. 

’ The stock diet consisted of granulated sugar 20.9 per cent, corn-starch 8.4, raw 
casein 45.8, fat 10.0, Salts 5 (8) 2.4, CaCO, 1.6, wheat germ 5.0, and brewers’ yeast 
6.0 (see Morgan, A. F., and Shimotori, N., J. BioL Chem., in press). 

’The irradiated ergosterol, 1,000,000 i.u. per gm., was furnished us by C. E. 
Bills of Mead Johnson and Company, Evansville, Indiana. 

<The delsterol, irradiated animal sterols, 300,000 i.u. per gm., was furnished 
us by J. Waddell of E. I. du Pont de Nemours and Company, Inc., New Brunswick, 
New Jersey. 
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After the total fresh weights of the organs were obtained, the organs were 
ground through a food chopper and approximately equal aliquots of the 
tissues were weighed into 10 ml. Coors a.shing capsules, dried, and a.shed 
in an electric muffle furnace at S00°. The ashes were moistened with a 
few drops of distilled water in order to distribute them as evenly as possible 
over the bottom of the capsules and dried on a hot-plate. The femurs 
were extracted twice with an alcohol-ether mixture for about 10 hours, 
then dried, and ashed as above. The ash was dissolved in dilute HCl 
and the volume brought to 100 ml.; 2 ml. aliquots were measured into 
capsules and evaporated to drxmess. To determine the amount of radio- 



Ro. 1. Radioautographs of split tiblas of dogs given radioactive P without 
{control; center tibia in photograph) and with a massive dose of irradiated ergos- 
terol (left-hand in figure) or delstcrol (right-hand in figure). 

active P in the inorganic form in the blood serum, a sample of the solution 
left after the inorganic P determination of Fiske and Subbarow (9) was 
measured into a capsule and evaporated to dryne.s.s. 

The radioactivity measurements were made with the Lauritsen electro- 
sco^. The rate of decay of a standard coasisting of 0.001 ml. of the 
mdioactive phosphate solution was followed. This seiwed to c.«tablish 
the radioactivity of the .standard at any given time. The activity of the 
^mples was then determined relative to that of the standard, all being 
e.xprc,s.sed in percentage of the dose administered. The radioactivity was 
measured in terms of divisions per second of discharge in the electro.scope, 
*^ni which the background was subtracted. The value thus obtained 
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from a sampli* was divided iiy fiio corrospondiiiR value obtained for (he 
standard at- tlio sanio timiN This resultant value multiplied by the ratio 
of ml. administered to ml. in the .standard indieated the per eent of the 
fed pliospliate present in (be sample. 

After radioactivity measurement.s were made, (be ashes were dissolved 
in dilute IICl, (he .solution brought to volume, and total phosphorus de- 
termined after the method of Fiske and Subbarow (9). 

In order to observe the distribution of radioactive P in the bone, radio- 
autoRraphs were taken of the tibia (Fig. 1). The tibia was sawed in half 
and the cut surface was held pre.«sed upon a .sheet of Agfa “no screen'' 
.\'-ray film. After fi days exposure, tlie film was developed. The greatest 
cfTeet of the exposure took place where the radioactive P was present in 
the largest, concentration. 


DISCUSSION 

The dogs M-hicb received the large doses of vitamin D showed no gross 
untoward effect except some diarrhea and vomiting on the 3rd day follow- 
ing the feeding. They both lost .some weight, about 1 pound each, in 
the 3 day period. 

The labeled inorganic phosphorus of the blood di.sajipcared rapidly, 
moat of it being difTu.scd from the blood in 2 hours. There was no marked 
difTcrence in the rate of this disappearance between the control dog and the 
dogs which received the largo do.ses of vitamin D, although there wa.s a 
definite hyperphosphatemia in the latter several hours after the adminis- 
tration of the vitamin (Table I). It is clear that, since the vitamin had 
no measurable efTcct upon the radioactive P fraction of the serum P, 
increase in the rate of ab.sorjition of P from the gut cannot be looked on as 
a primary part of the vitamin action. The rise in total inorganic P of the 
serum which is usually reported following the ingestion of vitamin D and 
which was seen in the dogs given the vitamin in this experiment must be 
due to mobilization of P from the tis.sues rather than from the intestine, 
h'lorgarcidgc and Manly (7) using similar technique on rats also found 
that vitamin P) had no influence upon the amount of labeled P in the 
.serum. 

The hypercalcemia, which was more marked and longer sustained m 
the dog given irradiated ergosterol than in that given delsterol, might also 
by analogy' be ascribed to tissue rather than food sources. 

The irradiated ergosterol caused a 2-fold or more increase in the urinary 
total phosphorus excretion and the delsterol a smaller increase, but the 
radioactive phosphorus excretion was lower in the experimental than in 
the control (20.0 and 17.8 as compared with 23.3 per cent) (Table II)- 
1 his indicates that both vitaniins D« and Ds promoted excretion of urinary 



Table I 


Effect of Vitamin D on Serum of Dogs Given Radioactive P 


Ticne after 
adcjlniitra- 
Uoa of 
viUmm 

Dos 301. No vitamin D 

Dos 330. Given irradiated 
ergostcTol 

Dog 331. Given deUlcTol 

Ca 

I* 

Radio- 
active P 

Ca 

Bi 

Radio- 
active P 

Ca 


Radio- 
active P 

hrj. 

me- per 
cent 


per cent 
total doje 
per JOO m/. 

tR|. per 
cent 

per 

cent 

Per cent 
iatal dose 
per JOO ml. 


rtg. per 
cent 

per cent 
total dose 
per JOO ml. 

Before 

9.5 

4.4 


10.9 

2.5 


11.4 



0.33 


4.4 

1.168 

1 






O.SO 

i 








1.128 

0.75 




11.1 

2.4 





1.00 


4.4 

1.008 




11.1 

3.6 

0.691 

1.25 





3.4 

0.207 




2.00 








3.6 

0.412 

2.50 


4.4 

0.308 



1 


1 


4.00 


4.2 

0.183 




8.4 , 

BiiS 

0.161 

4.50 




8.5 

3.5 

0.095 


HI 


8.00 



0.135 




13.9 


0.150 

9.00 




16.0 

6.4 

0.109 


iHI 


24.00 



0.077 

15.9 

4.3 

0.053 

13.0 

>■11 

0.070 

48.00 



0.079 

14.0 

4.9 

0.038 

9.5 

4.8 

0.040 

72.00 


4.0 

0.043 

11.4 

3.1 

0.028 

9.8 


0,029 


Table II 

Urinary Excretion of Total and Radioactive P As Affected by Vitamin D 


Dog No. 

Dafs after 
administratioa 
of vitamin 
and 

a 

P 

Radioactive P 

Speci6c activity^ 



mg. 

mg. 

per cent cj dose 

x/0-^ 

301 

1 

11 

441 

15.5 

3.51 


2 

81 

412 

4.4 

1.07 


3 

20 

432 

3.4 

0.79 


112 

1 

1285 

23.3 

5.37 



21 

447 




1 

244 

445 

8.8 

1 1.97 


2 

S3 

1003 

t 7,3 

0,73 

BHH 

3 



3.9 


Total 

20.0 


330 

0 

35 

5S6 




1 

27 

419 

10.6 

2.53 


2 

135 

733 

4.7 

0.64 


3 



2.5 


Total 

17.8 
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pliospluniis, (lull (his inrToiiscil cxciplioii iiiiist have origiimtcd from 
soiiiTcs oilier I hail reei'iilly iiigesled phosplioriis. Tlic urinary Ca was 
also iiicroascd on (lie Jst day by the delstcrol and on the 2ikI by the irndi- 
nted crgostcvol. There was a marked decrease in fecal P and Ca 
corresponding roughly with the urinary increases. 

The results obtained on (he feces arc strikingly different for the two 
forms of the vitamin (Table, III). In both cases vitamin D caused a 
progre.ssive decrease in the total fecal P, but the excretion of the radioactive 
P was definitely lower in the dog wliicli received delstcrol and higher in 


Tapu; hi 

Fecal Fxcreiion of Total owl Itadioaclive P /Is Affected h]/ Vttamin D 


Dor Ko. 

' Days ftftcr | 
.idminUtrotion i 
oi vUnmm i 
and T” j 

Cl 

r 

Radioactive P 

SpccI6c activity 

i 

1 

301 

1 

2 

3 

me. 

210 

229 

225 

rtf. 

030 

778 1 

SIO 


xiir* 

1.03 

0.15 

0.07 

1 

Total ' 

G70 

2518 

11.3 

1.25 

331 

0 

139 

092 




1 

15S 

703 

3.4 

0.49 


2 

123 

177 

0.9 



3 

S3 

20S 

0.2 


Total I 

301 

13SS 

4.5 

0.77 

330 

0 

152 

911 

1 



1 

101 

S55 

29.5 

3.33 


2 

7S 

315 

6.5 


1 

3 

I S3 

1 

321 

0.5 


Total 

265 

1191 

30.5 

5.55 


the dog which received the irradiated ergosterol than in the control animal. 
The total radioactive P c.xcreted during the 3 day period was 24.5 per cent 
by the dog given delstcrol, 34.6 per cent by the control, and 54.4 per cent 
by the dog given irradiated ergosterol. 

The total P and Ca excretion was not significantly altered in the 3 dai'S, 
since with the marked increases in urinaiy P and Ca there were decreases 
in the corresponding fecal e.xcretion. There appeared therefore to be no 
significant effect of the vitamin on the net retention of total P. This 
accords mth the view of Nicolaysen (3), 
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The ratio of total fecal P to urinary P remained nearly the same, 2.1 
to 1.9, in the control animal and the corresjjonding ratio of per cent of P’- 
to total P in feces and urine (specific activity) declined throughout the 3 
days, 0.29, 0.14, 0.09. The corresponding ratios for total excreted P of 
the dog given delsterol were 1.6 and 0.47 and for P*- were 0.25 and 0.25 
on the 1st and 2nd daj's, thus indicating that the apparent increase in P 
absorption may be due to failure of reexcretion into the gut or to increa.sed 
tissue P mobilization, but not to decreased reab.sorption by the renal 
tubules. The dog given irradiated ergosterol, on the other hand, excreted 
fecal and uiinarj' total P in the ratios 2.0 and 4.3 and P’- in the ratios 1.3 
and 3.2 on the 2 days following the administration of the vitamin. The 
ratio P/:Pu on the 2nd day was more than doubled, but the ratio P/' :Pl' 
was increased to 4 times the value in the control on the 1st day and 23 
times that on the 2nd day. Again there appears no reason to assume 
failure of reabsorption by the kidneys but instead either failure of intestinal 
absorption or increased reexcretion into the intestine. 

It is interesting to note the total P excreted during the 1st and 2nd days 
hy the three dogs, 2.56, 2.63, and 2.22 gm. respectively for Dogs 301, 331, 
and 330, and the fecal P 1.71, 1.18, and 1.17 gm.; yet the proportion of 
radioactive P in the feces was 11.2, 4.5, and 36.5 per cent of the dose 
administered. The effects of both forms of vitamin D appear therefore to 
be identical so far as entry of newly ingested P into the serum is concerned 
and also its excretion in the urine, but to differ sharply in regard to excretion 
from the intestine. Nevertheless the apparent effects of the two forms of 
■vitamin D are identical if total P excretion is examined. 

The large dose of vitamin D caused lowered retention of the radioactive 
P of the soft tissues e.xpressed in terms of activity per gm. of dry weight 
(Table IV). Delsterol caused a decrease in the specific retention in almost 
all the organs studied, but the decrease was less marked or not present in 
the case of kidney, large intestine, brain, small intestine, and lungs, but 
was particularljf great in the subcutaneous fat and the skin, stomach, 
spleen, and liver. Irradiated ergosterol caused a marked lo'svering of 
radioactive P in all the tissues investigated and, as in the case of delsterol, 
the decrease was most marked in the fat and the skin, stomach, spleen, and 
liver. 

On the other hand, in the femur, the radioactive P turnover was increased 
up to almost 2-fold in the dogs which received the vitamin, the increase 
greater in the case of irradiated ergosterol. The bone radioauto- 
graphs showed that the vitamin D intensified the P metabolism in the 
spongj' portion of the bone, since the greatest deposition of P’= was in the 
metaphyseal and the epiphyseal regions of the bone. 

The specific activity of the organs, expressed as the per cent radioactive 
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P iiigcsk'd per ing. of (,otii! P in (lie dry (issue again indicated that the 
largo dose of vitamin D in hath forms eatised in general a lowered specific 
activity of the soft tissues. On the other hand, it increased the specific 
activity of the femur, more P atoin.s in the latter being replaced by the 
active P. 

Irradiated ergosterol exerted a much more marked and consistent effect 
both on the .si}cciric retention of the .soft ti.ssues and of the femur than did 
the dclstcrol. '^I'lio decrease in (be .specific retention was most pronounced 
in the case of fat and skin, in which (be value.s were lowered to as little as 


Taiu.k IV 


Distribution of liadiophosphorus in J'tssucs of Dogs xrithout Vitamin D (Dog 50!) 
atxd with a Jjcrgc Dose of Vitamin Dt (Dog S50) and Vitamin Dt (Dog SSI) 


Tisjuc 

Kadioactive P, per inn. 
dry tiwuc 

Total r in drj’ li«ue 

Radioactive P, spcdSc 

aclivitj’ 

Dor 

JOl 

Doc 

JJO 

Dot; 

sn 

Dor 

JOl 

Doc 

330 

Dojr 

JJl 

Doff 

JOl 

Doff 

JJO 

T)cz 

331 

Spleen 

Stomaeli 

Small intestine 

Large “ 

Liver 

Kidney 

Adrenals 

Ovaries 

Heart 

Lungs 

Brain 

Muscle 

Fat 

Skin and hair 

Femur ash 

fer tent 
of ioie 

0.0G7 

0.050 

0.0S9 

0.054 

O.OSS 

0.071 

0.009 

0.054 

0.051 

0.059 

O.OOS 

0.034 

0.004 

O.OIS 

0.036 

fer cent 
of dote 

0.030 

0.024 

0.005 

0.037 

0.04S 

0.052 

0.041 

0.031 

0.031 

0.049 

0.000 

0.024 

0.001 

0.003 

0.074 


per cent 

l.OS 

0.95 

1.23 

0.79 

0.07 

1.09 

l.ll 

1.00 

O.SG 

1.02 

1.43 

0.02 

0.07 

0.3S 

10.9 

fer cent 

0.80 

0.02 

1.17 

0.74 

0.87 

1.15 

O.SS 

0.77 

0.90 

1.23 

1.40 

0.75 

0.03 

0.02 

10.7 

per cent 

0.75 

O.S-1 

1.41 

0.92 

0.99 

1.37 

1.09 

1.14 

0.99 

1.13 

1.00 

0.77 

0.02 

0.20 

10.3 

X 10-' 

0.2 

5.2 

7.2 

7.0 

9.0 
0.5 
0.3 

5.1 
0.0 
5.8 
0.5 
5.5 
0.0 
4.7 
0.2 

X to-' 

4.2 
3.8 
5.5 

5.0 

5.5 

4.5 

4.6 

4.0 
3.4 
4.0 
0.4 

3.2 

3.3 
0.5 
0.4 

x/r' 

5.5 

4.1 
C.O 

6.4 

6.7 

5.4 

5.8 
3.7 

4.2 

4.9 
0.5 

3.0 

5.0 

3.5 
0.4 


one-fourth and one-sixth, respectively, of the control values. The specific 
retention by the bone was increased 86 per cent and 109 percent bydcls- 
terol and irradiated ergosterol, respectively, the greatest activity being 
concentrated in the epiphyseal and the metaphyseal regions, as is evident 
from the tibia radioautograph. It ai 3 ])cars tliat vitamin D causes an 
increased uptake of the labeled P in the bones at the expense of the soft 
tissue P, particularly that of the skin and fat. 

This finding is consistent with the view advanced bj' Cohn and Green- 
berg (6) that under the influence of vitamin D a flow of phosphate takes 
place from the soft tissues to the bones. Likew'ise their finding with rats 
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as to the order of affinities of the labeled P for the tissues is substantially 
confirmed by this experiment on dogs. The order of decreasing proportions 
of the total dose of labeled P found in the tissues is bone, liver, small 
intestine, kidney, adrenals, spleen, lungs, large intestine, ovaries, stomach, 
muscle, skin, brain, fat. On the other hand the order of specific P turn- 
over is liver, small and large intestines, kidnej', spleen, adrenals, heart, 
stomach, lungs, brain, muscle, fat, skin, ovaries, bone. This P turnover 
was increased in bone but decreased in all other tissues except skin by 
vitamin D2 and except brain by vitamin Dj. The latter may be a signifi- 
cant finding in view of clinical reports of hypervitaminotic S3Tnptoms in 
infants as well as the differences reported for brain storage of vitamins D2 
and D3 (10, 11). 

The question raised by the diverse conclusions of Schneider and Steen- 
bock (12) and Daj’’ and McCollum (13) as to the mechanism of vdtamin D 
action is only partly answered by these findings. The former authors 
concluded that, under the influence of the vitamin on low P intake, P 
was stripped from soft tissues and added to bone, and the latter that the 
reverse condition obtained. Earlier experiments with rats in this labora- 
torj- (14) as well as in others pointed to the grave importance of the level 
of Ca and P in the diet for bone growrth, vitamin or no vitamin, except in 
the low P cereal diets. The radioactive P and total P circulation, deposi- 
tion, and excretion here reported appear to indicate no necessary relation 
between the levels of total P and radioactive P in the serum under the 
influence of the vitamin, nor in the urinary excretion, except for depression 
instead of increase in the urinarj'' radioactive P, and diverse effects upon 
the radioactive P content of the feces, with no consistent relation to the 
total P of the feces. 

Again the content of radioactive P in soft tissues was decreased and that 
in bones increased by the vitamin but these changes bore no relation to the 
toial P of these tissues. The only conclusion possible is that newly ingested 
focd P is not the source of the hyperphosphatemia, increased urinary, nor 
decreased fecal P output due to vitamin D activity. Nor can it be said 
that food P is diverted from soft tissues to bone, but only that P turnover 
in the former is depressed and stimulated in the latter. 

If the increased serum and urinary total P, in contrast with radioactive 

’ from the stripped diaphj'ses, the heightened P turnover of epiphy- 
would still be possible. In anj' case no support for the improved 
intestinal absorption theorj' of vritamin D action is furnished by this 
experiment. 


SUmiARY 


1 

the 


• Vitamin D fed in the form of irradiated ergosterol and delsterol at 
Cl el of 200,000 i.u. per kilo of body weight had no significant effect 
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on the rate of dif-’aiijien ranee of tlie Inhelcd inorganic phosphate from the 
blood stream. 

2. Tliere wa.s n marked ineren.se in the urinary phosphate excretion in 
the experimental animals, .allhouKh the radioactive jihosphatc excretion 
was even less than in the eontrol; tlierefore fh(! ineren.‘;od phosphate ranst 
have oriRinated from soiiree.s other than that of recently inpestecl phosphate. 

3. The irradiated {‘rposterol Rreatly increased the fecal lo.ss of labeled P 
but the delsterol acted to decrea.'-e this lo.s.s. 3”his wa.s the mo.st striking 
difference between the effects of tlie two forms of vitamin D. 

'1. The larpe do.sc of vitamin D eau.sed decreased P turnover in almost 
all tile soft tissues studied, but increa.'^ed to almost 2-fold t!\e P metabolism 
of the femur. The P uptake was most intensified in the epiplijnseal and the 
mctajilnTeal portions of the bone, the increa.«ed specific activity of the bone 
bcinp: due to the inten.sificd P metabolism in the.se regions. 

5. ^’itamin D probably doe.s not exert its therapeutic effects through 
improvement in intestinal ab.sorption of P but rather by intensification of 
P turnover in bone with resultant hyperphosphatemia and decreased 
visceral P turnover. 
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It has been known for some time that there are species of bacteria which 
produce and fix molecular hydrogen. The chemical reactions which are 
catalyzed by these bacteria may be classified as follows: 


(1) 2H. + Oj = 2HjO 

(2) Hs + COz = HCOOH 

(2) H, + X = HiY 

(■t) H, = 2H<- + 2e 


The enzyme which catalyzes the synthesis and decomposition of formate 
has been named hydrogenlyase (1). The term hydrogenase has been ap- 
plied to the enzymes which catalyze the other reactions listed (2). 

Farkas, Farkas, and Yudkin (3) have shotvn that the hydrogen evolved 
from formate decomposed by Bacillus coli in heavy water is in equilibrium 
wth the water, for not only the concentration of deuterium in the gas 
phase, but the distributions of the three forms of hydrogen, Hj, HD, and 
Di, are those predictable from complete chemical equilibrium between water 
and gas. These results indicate that B. coli contains an enzyme system 
capable of catalyzing the exchange reaction between water and molecular 
hydrogen. This was confirmed in separate experiments carried out without 
the addition of formate. It is of some interest that Green and Stickland 
have shown that an inert metal in a suspension of B. coli behaves as a re- 
versible hydrogen electrode (4). 

This paper deals with the experimental findings obtained on studying the 
exchange reaction between gaseous hydrogen and w'ater, catalyzed by bac- 
teria. This is a direct method by which the biological activation of the 

jdrogen molecule can be observed in the absence of organic substrate re- 
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nctivc with (he hyclropon molecule. 'Die py.stom i.s therefore iincompIiMlod 
by the necessity for the aclivution of orfiiinic siibstnitc. 

Kxrr.niMKNTAi- 

Bccanse .some .strains of Bacillus coU were oecnsionnlly found to be in- 
active as exchange catah'.sls, a search wa.s made for .some other species of 
bacterium posse.ssing more reproducible properties. In the course of this 
study it was found that activated .sewage .sludge contains an exchange 
catalyst. From the .sludge, pure cultures of bacteria were isolated and 
tested for exchange activity. One of the most eatalytically active or- 
ganisms was identified as Proteus vulgaris. Its activity has been found to 


S>euitTium rtiin'cir 



Via. 1. Apparatus for studying the e.xchnngo reaction. 

Fig. 2. Apparatus for filling the exchange vessels with deuterium gas. 


be constant, and, for many of the experiments to bo described, Proteus 
vulgaris obtained from the Department of Bacteriology has been used.* 

Preparation of Bacterial Cultures — Bacteria were cultured in broth of the 
follotving composition: 2 per cent Bacto-trj’ptone,= 0.5 per cent glucose, 0.5 

* Other bacteria which were tested for exchange were Bacillus pyocyaneus (with 
and without added pyocyanino), a strain of Bacillus wclchii, Bacillus acidi lactici- 
Only Bacillus acidi lactici was found active. Hemoglobin and catalase were found 
inactive as exchange catalysts. We arc indebted to Dr. Kurt Stern for samples of 
pyocyanine and catalase and to Dr, Theodore Rosebury for some of the cultures of 
bacteria. 

’ A standard peptone manufactured by Difeo Laboratories, Inc. 
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per cent XaCI, and 0.5 per cent concentrated yeast extract.’ For massive 
growth, broth cultures were inoculated into Roux bottles containing broth 
and 2 per cent agar. 18 to 24 hour cultures were washed out of the Roux 
bottles nith distilled water, washed three times with eentrifugation, and 
suspended in m/15 phosphate buffer. 

Exchange A-pparalus — ^The exchange reaction was observed with two 
types of apparatus, sho\\'n in Figs. 1 and 2. 

In the 100 cc, flasks, equipped Avith spherical joints, shown in Fig. 1, the 
contents of a single Roux bottle were suspended in 25 cc. of buffer and 
shaken with deuterium gas admitted from the storage bulb. Evacuation 
of the apparatus before the admission of deuterium was accomplished 
through the side arms shown. The two flasks were shaken at room tem- 
perature on the same shaft at a frequency of 150 full strokes per minute. 
One flask was generally used as a control. 

In order to insure mbdng of the gas in the shaking vessel, the mbdng 
column shown in the diagram was used. The mercury reservoir was low- 
ered and raised a few times, in order to expand and mix the gas in the 
system. The mixed gas contained between the stop-cooks of the lock was 
then admitted to the mass spectrometer for analysis. The total pressure 
of the system was decreased by 0.5 per cent by the withdrawal of a single 
aliquot. During the exchange run, no significant changes in pressure were 
noted unless certain reducible or fermentable compounds were added. 

The apparatus shown in Fig. 2 was used for experiments in which the 
concentration of bacteria was relatively dilute, and for experiments which 
requned constant temperature control. The oblate spherical vessels em- 
ployed have a capacity of 25 cc. The half time for the e.xchange reaction 
mil be showm later to depend on the volume of the system according to 
Equation 5. 


q = o.eoy/fc 

"I’ero V is the volume of the system, and the other terms have their con- 
ventional meanings. Reactions will therefore proceed faster in the smaller 
asks. At all times the total volume of suspension in these flasks was 5 cc. 
vacuation was accomplished through the side arms shown, and deuteriiun 
a mitted from the storage bulb. The vessels were shaken through a 1 
nich stroke at a frequency of 240 strokes per minute. For analysis the 
asks were fitted to a ground glass joint on the spectrometer, and the total 
gas content was expanded into a ballast reseiamir. Samples from the reser- 
'oir were then analyzed. The temperature of the water bath was held 
constant to 0.01°. 


uulcbtcd to Dr. Oj.irles N. Frey of Tlie Fleiselimann Laboratories for a 
Baniple of yeast concentrate. 
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PrcjHtration of Dculcriutn G'«.s--Dcutcriiim gns was prepared by elec- 
trolysis of 99.t) irer cent heavy water, and was dilated Ysith tank hydrogen 
to the desired atoniie concentral ion of denlcrium. The mixtures were not 
in equilibrium with regard to the reaction If; -1- ].); 2IID. 

A naUjscs — Analyses of the gas pliasc for II;, IID, and D; were carried out 
in a Bleakney t ype mass sirectromctcr {5, 0).^ The deuterium content of 
water samples was measured by the falling drop tcclmique (7). 

Effect of Protein Denoturants on Exchanfjc Pcaclion — tVhen a washed 
suspension of Prolcns vulgaris, suspended in idiosphatc buffer of pH 7, is 
shaken with heavy hydrogen, the deuterium content of the gas decreases 
with time, as shown in Fig. 3, Curve A. The bacteria lost all cataljdic ac- 
tivity' when autoclaved, or when dried. Attempts to prepare a dry catalyst 
by treatment of bacteria with cold acetone, or by freezing and drying, failed 



Fio. 3 Fia. 4 

Fig. 3. Tlio rate of the c.vchnngc reaction before and after oxygen inactivation. 
Curve A, suspension of Proteus vulgaris sliakcn with heavy hydrogen; Curve B, with 
oxygen for 24 hours. 

Fig. 4. The cITcct of pH on the rate of the exchange reaction. 

to yield an active preparation. A lay'er of toluene over the water surface 
inhibited the rate of excliange by 50 per cent. As the cataly'st responsible 
for the promotion of exchange reaction shows properties tyqjical of enzyanes 
in general, it is presumably an enzynne or system of enzymes. 

Effect of pH on Exchange Reaction — The effect of pH on the rate of the 
exchange reaction is shown in Fig. 4. The yield of a 24 hour growth of 
Proteus vulgaris from four Roux bottles ivas centrifuged and washed as 
usual. The bacteria were resuspended in 30 cc. of distilled ivater, from 
which 5 cc. aliquots were withdrawal. The aliquots were pipetted into 20 
cc. of citrate-jihosphate buffer, and the rate of the exchange reaction was 
dotorniincd after 30 minute periods. The suspensions were centrifuged at 

* We assume that the ion intensities are proporlioiml to tlic concentr.ation of Ibi 
HD, and Da in the sample analyzed. 
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the end of the reaction, and the pH of the supernatant was determined by 
glass electrode measurements. 

E;ffect of Some Enzyme Inhibitors on Exchange Reaction — I^Tien added to 
the reacting S3^m through the side arm burette showm in Kg. 1, thefollow- 
ing compounds were without effect on the rate of the exchange reaction : 
1 per cent fluoride, 2 per cent urethane, 0.001 m iodoacetate, 0.01 m K 2 S 2 OS, 
and 0.08 11 malonate. Aerobic incubation with 10 ~’ m Ag"*" inhibited the 
exchange reaction by 85 per cent, and similar incubation with 10“^ si Ag+ 
inhibited the exchange reaction completely. 1 0~^ m Ag+ was svithout effect. 

Reversible Inactivation of Exchange Reaction — lATien a suspension of 
Proteus vulgaris was shaken with oxygen for 24 hours, a partial and re- 
versible inactivation of the exchange reaction occurred;® see Fig. 3, Curve 
B. The time necessary to bring about this inactivation was found to de- 
pend on the number of transfers of the bacteria through broth, oxygenation 
time increasing with the number of such transfers. Results were easily 
reproduced, however, when the bacteria were transferred from the stock 
culture, on an agar slant, and passed only once or twice through broth. 
The stock culture was inoculated into a fresh medium once a month. 

Exchange activity was completely restored to the inactivated suspensions 
on the addition of any one of the following organic compounds: glucose, 
pyruvate, formate, fumarate, or succinate. In Fig. 5, Curve B, is shown 
the reactivation brought about by 0.04 m formate. At the point indicated 
by the arrow formate was added. Since the decomposition of formate by 
hydrogenlyase is almost completely inhibited by an atmosphere of hydro- 
gen, the dilution of deuterium by hydrogen evolved from the formate 
should be negligible (1). 

In Fig. 5, Curve C, is shown the reactivation of the exchange by 0.04 .m 
pyravate. With this, unlike the other compounds used to restore activity, 
there was an induction period of about 20 minutes before exchange occurred. 

The effect of glucose closely resembles that due to fumarate and formate 
(see Fig. 5, Curve A). 

The effect of 0.04 m fumarate is sho\vn in Fig. 6, Cun^e A. The initial 
part of Curve A shows the slow decline of the deuterium concentration of 
the gas after the bacteria had been o.xygenated for 24 hours. On addition 
of fumarate, an immediate increase in the rate of the exchange reaction 00- 
Wrred. The suspension was again inactivated by o.xygenation (Cun'c B, 
'>g. 0) and was once more reactivated with fumarate. Some of the inacti- 
irreversible, for complete activity was not regenerated, 
the effect of succinate on the activation of the e.xchangc is seen in Curve 
o Fig. 0. In order to determine whether or not the succinic dehydro- 

have nlwervcd .n similar cfTcct on a strain of linciltna coli. Fumarate reaeli- 
'Mcd the exchange. 
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goiinsG sy.stcin is involved in succinnlc nclivntion, the system was made 
O.OS wi(!i inalonnto before luldilion of siiccinnto (0.0} jf). The malonate 
neither reactivated the enr.ynic nor inhibited the succinate effect. Since 
malonate is a coini)etitivc inliibitor (8), it is possible that, even in the 
presence of malonate, fumarate \va.s formed by dehydrogenation of succin- 
ate in a concentration sufTicient for reactivation. 

When oxygen-inactivated suspensions, to which no reactivating sub- 
stance had been added, were .shaken with deuterium for comparatively long 
periods of time, restoration of complete c.vclmngc activity slowly occurred. 




Fig. 5 Fio. G 

Fig. 5. Tlic reactivation of tlic c.vctinngo reaction I)y glucose, formate, and 
pyruvate. 

Fig. C. The ofTcct of repeated inactivation by o.vygcn and reactivation by fumarate 
and succinate. Curve A rcprc.scnts the effect ofO.OI m fum.arato after the bactena 
liad been o.vygcnatcd 2t lionrs; Curve U, tlic suspension again inactivated by ont- 
gcnalion; Curve C, the system made 0.08 m witli malonate before the addition of 
0.01 M succinate. 


Mcchanis7n of Exchange Activation— At least two mechanisms must be 
considered to account for the inactivation of suspensions of Proteus vul- 
garis by treatment with oxygen. Either (1) an intermediate substance, 
necessary for the e.xcliange reaction, is quantitatively removed by o.vido- 
tion, or (2) the enzyme responsible for the exchange reaction is oxidized. 
Restoration of the e.xchange activity by the addition of formate or suc- 
cinate is therefore brought about either by (1) replacement of the removed 
intermediate, or (2) bj’ reduction of the oxidized enz 3 mie. Both mechan- 
isms can conceivably bo elTective sinuiltaneousl.v. 

In the first part of this paper we liave mentioned certain reactions, cata- 
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lyzed by bacteria, whicb involve the production or fixation of molecular 
hydrogen. All of these reactions, if reversible, with the possible exception 
of Equation 3, should bring about an exchange reaction between water and 
hydrogen. Equation 2, for example, would involve formate or CO 2 as in- 
terme^ate. Formate has been found to restore exchange activity to 
oxygen-inactivated suspensions, but the addition of CO 2 to the gas phase 
does not restore exchange activity in the same time interval. Since the 
exchange reaction is activated by substances other than formate, for e.x- 
ample succinate, the place of succinate as a possible intermediate was stud- 
ied as follows; Deuterosuccinic acid containing 47 atom per cent of carbon- 
bound deuterium was shaken with a suspension of Proteus vulgaris in or- 
dinary water against ordinary hydrogen. No deuterium appeared in the 
gas phase in 48 hours. When normal succinic acid, added to a suspension 
of Proteus vulgaris in 23 per cent heavy water, was shaken with ordinary 
hydrogen for 48 hours, the recovered succinic acid contained 2.1 atom per 
cent carbon-bound deuterium. In this case the deuterosuccinic acid might 
have arisen either by synthesis from substrate still retained by the suspen- 
sion, or by exchange. As the concentration of deuterium in the succinic 
acid was less than 10 per cent of that of the water, it may be concluded that 
succinic acid is not a significant exchange intermediate, and that the re- 
activation of the exchange reaction by succinic acid was not due to the 
activity of the succinic acid as an intermediate. In the followng discus- 
sion We will present evidence which indicates that the inactivation caused 
by oxygenation can be attributed to oxidation of the enzyme and removal 
of substances which can reduce the enzyme. The restoration of exchange 
activity on the addition of fumarate, succinate, etc., is accomplished by the 
reduction of the inactive, oxidized enzyme to the active, reduced enzyme. 

That the enzyme can exist in an oxidized and a reduced state is indicated 
by the effect of cyanide on the exchange reaction. ViTien a suspension of 
Proteus vulgaris was made 10'^ with cyanide under aerobic conditions, 
the suspension became completely inactive as an exchange catalyst. On 
the other hand, addition of cyanide to the exchanging system (which, of 
course, is operating under anaerobic conditions) in 10~“ .u concentration 
was Viithout effect on the exchange rate. One may therefore conclude that 
in the presence of oxygen the enzyme responsible for the exchange reaction 
■ ^ oxidized state, and that under hydrogen, in the presence of suit- 

able reducing agents, the enzyme is in the reduced state. Failure of iron 
porphjTin compounds to combine with cyanide wiien the iron is present in 
the ferrous state is well known, as, for c.xample in peroxidase and catalase. 

further evidence that the exchange enzyme probably possesses an iron 
porphyrin prosthetic group has been obtained by studjing the influence of 
carbon monoxide on the rate of the exchange reaction. In the dark, addi- 
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tion of 2.5 volumes of enrhon mono.xide for cverj' 1 of heavy hydrogen 
caused complclo inhibition; with equal volumes, 80 per cent inhibition 
occuned in the dark and 55 jrer cent in the |ircscncc of liRht. 

The reversal of CO itdiihition of iron porphyrin-protein enzymes by light 
has been reported in a number of eases, the classic example, of course, being 
Hint of the respirator}’ enzyme of Warburg (9). It may also be pointed out 
here that the exchange catalysis is not accompanied by the oscillation of the 
enzyme between the reduced iind oxidized state, since, if this were the case, 
the inhibitory effect of cyanide would be detected under anaerobic, as well 
as aerobic, conditions. 

Strong support for the “reduction” h 5 ’pothcsis is supplied by the effect 
on oxygen-inactivated suspensions of Proteus vulgaris of 0.01 hydrosulfite, 
wliicli complctcl}’ restored exchange activity to these suspensions. 

It is now possible to understand the apparently spontaneous restoration 
of exchange activity of oxygen-inactivated suspensions by prolonged shak- 
ing with deuterium. Even in the nb.v-ence of reducing substances, there is, 
at the beginning, nccc.ssarily an equilibrium concentration of the reduced 
enzyme. It is possible that the formation of additional amounts of re- 
duced enzyme is an autocatalytic proco.ss, which eventually produces a 
maximum concentration of active cnz 3 ’me. 

Attempt to Separate Activity of llydrogenlyasc and Uydrogenase Systems— 
'riic hydrogenase activity of bacteria has boon demonstrated by a number 
of methods (10, 11). Stcphon.son and Stickland used as the criterion the 
rate of reduction of methylene blue in the presence and in the absence of 
hydrogen. The hydrogonlya.se S 3 'stcm is identified b}’ measuring h 3 ’drogcn 
output in the presence of formate. In the coui’sc of our studies it was found 
that Proteus vulgaris catal 3 ’ze.s both reactions. It therefore seemed neces- 
.saiy to determine whether or not the o.xchangc rc.acf ion could be attributed 
to either of these cnz 3 'mes or to both. 

In her studies on the presence of the li 3 ’drogcnase and lydrogenlyase 
systems in bacteria, Stephenson ha.s stated that Bacillus lactis acrogenes 
contains an active hydrogenl 3 'ase, but lacks h 3 "drogenase (2). We have 
found that suspensions of B. lactis acrogenes catal 3 'zc the exchange reaction 
at a rate comparable to Proteus vulgaris. In agreement with Stephenson s 
observations, the h 3 ’drogenl 3 'ase S 3 ’stcm was found to be present, as shown 
b}"^ the eimlution from formate of li 3 ’drogen (identified in the mass spectrom- 
eter). We also found that dihde suspensions of B. lactis acrogenes fail to 
reduce meth 3 dcnc blue in the presence of hydrogen more rapidl}’' tlian 
under nitrogen. 

It therefore became necessary to resolve the paradox that though the 
h 3 ^drogen is in an actiimted state (since e.xchange and reduction of HCOj 
by Ho occurs) it does not reduce methylene blue. The free energ}’^ change 
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for the reduction of methylene blue by hydrogen at pH 7 is approximately 
—20 kilocalories, while that for the reduction of bicarbonate ion by hydro- 
gen to formate ion is approximately -4-750 calories (12). Thermodynami- 
cally the reduction of methylene blue is more readily possible than reduction 
of bicarbonate. Since the oxidation of leucomethylene blue is an rm- 
catalyzed reaction, the failure to reduce methylene blue cannot be due to 
the absence of a methylene blue activator. 

Early in our work it was found that thick suspensions of Proteus vulgaris 
reduced methylene blue much more rapidly under hj'-drogen that under 
nitrogen. If, however, the suspension of bacteria was made sufficiently 
dilute, the reduction of methylene blue under hydrogen failed to take 
place any faster than under nitrogen. 

When the effect of fumarate on the reduction of methylene blue under 
hj’drogen was studied, the following results were obtained. 25 cc. flasks 
(shosvn in Fig. 2) were prepared as follows: 2 cc. of dilute bacterial sus- 


Tablb I 

EfficL of Fumarale on Methylene Blue Reduction 



Reduction liine 

Ht 4* furaarate 

H: alone 

N* + fumarate 

Kt alone 


mm. 

mm. 

mm. 

mfn* 

Proteus vulgaris 

4 

10 

30 

30 

Bacillus laclis aerocfcnss 

G 

1 

24 

30 

30 


pension of Proleus vulgaris, 1 cc. of 1:5000 methylene blue, and 2 cc. of 
m/ 15 phosphate buffer (pH G.83) were shaken at 37° with hydrogen or 
nitrogen in the presence and in the absence of 0.04 sodium fumarate. 
The reduction of methylene blue in the presence of hydrogen plus fumarate 
took place in 15 minutes. None of the other systems showed signs of re- 
duction after half an hour. 

However, a S-fold more concentrated suspension gave the results shown 
in Table I. 

It seems possible that the failure of a dilute bacterial suspension to reduce 
methylene blue under hj-drogen is directly due to the lack of sufficient inter- 
mediate hydrogen acceptor essential to the transfer of hydrogen to 
methylene blue. 

Stephenson concluded that Bacillus laclis aerogenes lacks hydrogenase, 
since a suspension of this bacterium failed to take up hydrogen in the pres- 
ence of nitrate as well as in the presence of methylene blue. It seems reason- 
able to expect that the reduction of both nitrate and methylene blue re- 
quires the presence of an intermediate hydrogen acceptor. 
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In tlic groui) of Iinctrria invpslififttod b}' Stephenson for hydrogcnasc 
nnd hj'drogonl3'nso activity', onl.v Bacillua ladta acrogcnca was stated to 
contain lij’dropcnlj’nsc and not hydrogcnasc. Our results indicate that a 
bacterium wliich posses.sca hydroKcnl3'aBo activity nnd not li3’drogcnase 
activity lin.s 3'ct to be found. 

The activity of .suspcn.sion.s of Itadlim India acrogcncs and Prolm 
vulgaris is comi)lctcly inlnt)itcd with regard to the c.vchnngc reaction and 
the decomposition of formate 1)3' 10'^ C3'nnide, wlicn the C3'nnidc is added 
to the aerobic s 3 'slcm before the .‘;ust)en.sion is tested for the reactions men- 
tioned. It is api)arcnt that wo have not obtained an 3 ' separation of li 3 'dro- 
genase from hydrogonlyasc as exchange catalyst.s. 

Effcd of Urethane on ethylene Blue Reduction — IIcav3' suspensions of 
Proteus vulgaris fail to reduce motln'lene blue under h3’drogen when the 
s3'stom is made 2 per cent with urethane, which is known to inhibit dehydro- 
genases. The exebange reaction is not inhibited by thi.s concentration of 
urethane. It seems likely', therefore, that the reduction of methylene blue 
by' the hydrogcnasc .system is brought about by the addition of the gascou.s 
hydrogen with the intervention of another enzyme .system, from which the 
hy'drogen ion and electron pair, necessary for the reduction of methylene 
blue, arc contributed. We di.stingui.sh here between the effect of fumaratc 
on the restoration of exchange aetivity to o.vygen-innctivated suspension? 
of P. odgnn's, and it.s olfect on the reduction of methylene blue in the pres- 
ence of P. vulgaris and hydrogen. In the finst cas'e, the fumai'alc probably 
.supplies the hydrogen nocc.ssary to i-educe ll)c enzyme respon.Bible for the 
activation of molecular hydrogen. In the second case, fumarate acts as an 
intermediate through which hy'drogen is transferred to methylene blue. 
That these two cases are distinguishable is evident from the faetthatthose 
suspensions which fail to reduce methy'lcnc blue in the absence of fumarate 
arc nev'crtheless active with regard to the c.Ychange i-eacfion. 

Kinetics 

Effects of Bacterial Concentration and Temperature — If the concentration 
of a bactei’ial suspension is increased, a point is reached at which the rate 
of the exchange reaction becomes independent of the bacterial concentra- 
tion (see Fig. 7 ). The rate-determining stop iVr the exchange reaction 
is then the rate at which the reacting gas d'ffusii" to the catalyst. This 
lias been confirmed by establishing the order of ttie c.xchange reaction and 
by detei'mining the temperature coefficient of the exchange reaction under 
this condition. When diffusion of the I'eacting gases to the cataly'st is rate- 
determining, the rate depends on the square root of the absolute tem- 
perature, and the kinetics of the reaction are of the first order. That the 
exchange reaction at high bacterial concentrations follows these conditions 
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is shown in Fig. 8, Gun'e A, and Fig. 9. Fig. 8, Curve A, shows the 
data from such an experiment to follow a first order equation, D— Doe~^‘, 
since lag D a/ D is linear with time. In Fig. 9 the square root of the absolute 
temperature is plotted against the rate constant; there is a linear relation- 
ship. It is therefore necessary, in order to determine rates other than that 




^iG. 7. Effect of bacterial concentration on the rate of the exchange reaction. 
Eio. 8. The first order nature of the exchange reaction. Curve A, data showing 
that the first order equation D = Doe**' is followed; Curve B, that of Arrhenius. 




Fro. 9 


Fig. 10 


diihL'lnn '• temperature on the rate of the exchange reaction when 

mimsion IS rate-determming. 

roncentratiM'^ temperature on the exchange reaction at low bacterial 


usion, to reduce the concentration of bacteria until another factor 
the°'”'f this adjustment is made, the kinetics of 

the reaction remain of the first order, but the rate constants and 

}. ^ , “'-war"™ according to the equation of Arrhenius, 

> - /I • c . This IS shown in Fig. 8, Curve B, and Fig. 10. The energj’ 
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of activiition, calculnicd from the slope of the straiglit line obtained in Fig, 
10, is 7.7 kilocalories. 

The kinetics of the c.vchnngo reaction between a large excess of heavy 
water and hydrogen gas (with or without deuterium initially present) may 
be accurately represented by the following scheme. 

Consider the removal of the volume clement, dr, from the total gas 
volume, y, to the catalyst. Let a fraction, ft, of this volume clement come 
to equilibrium with the water on the catalyst. The concentrations of 
H:, HD, and Dj in the volume, /3dr, will be the equilibrium concentrations, 
(Hi),, (IID)„ and (Dj),, the concentrations being e.xprcsscd in per cent. 
The volume element, dr, is returned to the bulk of the gas, with which it 
now becomes mixed. If X, is (he equilibrium concentration ofany one of 
the gas spccic.s, II., IID, or Dj, and if Xt i.s the concentration of that species 
at time I, then the concentration of A' will, after the time interval, rft, be 

(0) T'A’urf, - t'A', - A'r/r + XMr + (I - (f}X,<h 

(7) r(/.Y - (A'. - X,)!idc 

If the rate at which the volume clement, dr, is circulated through the cata- 
lyst, is constant, i.c. if 

(8) (Ir t= hU 

then 

(9) lUY = (A'. - X,)^hdl 


(. 0 ) 

If j8 and V arc constant. 


( 11 ) 


Pk/V 


2.3/< log 


iXr - A'o) 
(A'. - A',) 


K' 


where A^ois the concentration of X when t is zero. In Fig. 1 1 are plotted the 
data obtained from a typical experiment in which a large excess of heavy, 
water was shaken with normal hydrogen. The linear nature of the curves 
obtained by substituting concentrations of Hj, HD, and Dj in Equation 
11 is good. If p is unity, that is, if all of the volume element, dr, is com- 
pletely equilibrated with the water, then for the reaction between a large 
e.xcess of normal water and heavy hydrogen. Equation 11 reduces to 


(12) A:" = 2.3/nog AVA', 

for HD and Do and to 


(13) = 2.3// log (100 - A'o)/(100 - A’,) 
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for H 2 , since (HD), and (Dj), may be set equal to zero, and (Ho), to 100 
per cent. Equation 12 should then describe the decrease in HD during the 
exchange reaction, and the decrease in Dj, and Equation 13 should describe 
the increase of Hj. In Table II are shown the concentrations of H 2 , HD, 
and D 2 and atom per cent D at various times, during an experiment in 
which heavy hj'drogen gas at 470 mm. was shaken with a large excess of 



Do. 11. Kinetics of the exchange reaction between a large excess of heavy water 
and normal hydrogen. In Curve A (#), X = H2; in Curve B (O), X = HP; in 
Curve C (A), X = D,. 


Table U 


Effect 0 } Pressure on Exchange Reaction 


ffessure 

‘Itme 

D 


HD 

D, 

nm. 

min. 

Per cent 

per cent 

per cent 

percfnt 

470 

Q 

17.2 

80.8 

3.88 

15.3 


IS 

15.0 

1 83.0 

I 4.13 

1 12.9 


30 

12.4 

83.5 

4.34 

10.2 


60 

8.60 

89.3 

4.24 

6.48 


90 

6.21 

93.0 

3.63 

4.44 

30 

121 

4.34 

94.1 

3.05 

, 2.81 

0 

17.2 

80.8 

3.88 

15.3 


15 

12.8 

85.8 

2.80 

11.4 


30 

9.51 

89.2 

2.54 

8.23 


45 

6.45 

92.5 

2.16 

5.36 


60 

4.66 

94.5 

1.77 

3.77 

- 

75 

3.20 

96.1 

1.37 

2.52 


normal water. It will be seen that there is a period during wliich the 
concentration of HD in the gas increases. The assumption that equilibra- 
tion between the entire volume of the gas brought to the catalyst and the 
natcr is complete is therefore incorrect, since if this were so, theconccntra- 
tion of HD would steadily decline. 

In Table II is shown also the change in the concentration of the hydro- 
gens with time, when the pressure of the gas is 30 mm. In Fig. 12 the 
lanes of log (HD)o/(HD)( obtained from Table II are plotted against 
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liino. Tilt! (iiihi fit ICqiiiitioii 12 fairly urll. If tlioreforc appuarn lliat 
only a(, low iircsf^nroK doos (ho (pianfily, /9, approach unity. In Fig. J3i.s 
ploKod (ho docroasc in atom per cent I) with time at the two prcpsurci, 30 
and 470111(11. It will he ohaorvod (hat (ho rate of (he c.veliangc reaction is 
faster at (he low jnessnre. 

The increase and .subsequent decrease of HI) at 470 nun. in the c.\peri- 
ment rceortled in Table II may be explained as follows: There exist two 




Fic. 12. The fir.st order nature of the (iK-appearanec of HD during the cxclwng' 
reaction between a large cxoc.'.s of normal water and heavy hydrogen when P = 
mm. of Ilg. 

Fig. 13. Tlic rate of the exchange reaction between a large excess of normai \\a cr 
and heavy hydrogen for P 30 mm. of Ilg and P ■= 470 mm. of Hg. 

possibilities to account for the formation of II D in this experiment: (1) 
direct reaction between II; and D; to give 2IID, and (2) by the reaction 

(M) D; + IhO = IID + IIDO 

The almost complete disappearance of IID from tlic gas jihase is then 
brought about by the reaction 

(15) HD + HiO = II, + IIDO 

If, at high pressure, the reaction of Equation 14 is not followed directly bj 
that of Equation 15, that is, if the molecule of HD formed in Equation 1 
does not make a collision with unbound cnz 3 ’mo, required for the comple- 
tion of the reaction of Equation 15, HD appears in the gas phase. As tlic 
concentration of D; decreases, the formation of HD also decreases, and H 
disappears according to Equation 15. 

It is also possible that reaction between D; and H; will also give rise to 
HD. 1 1 ) t his case .also, as t.he eoncentr.ation of D; decreasi's, the HD forme 
disappears according to lOqualion 15. 

At low iiressures t.he rat e of the exchange reaction is faster than at lug i 
pressures. The possibility therefore of both reactions (licpiations 14 am 
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15) going to completion is increased, since the concentration of enzyme not 
lionnd to the hj'drogcns is greater tlian at high pressures. 

llccanse the exchange rcaetion proceeds faster at low pressure llinu at 
high, the concentration of III) for t]»c two experiments, is, for purposes of 
comparison, better represented as a function of the total atomic concentra- 
tion of deuterium, than as a function of time. It is then possible to com- 
pare HD concentrations at the two pressures point for point. This is 
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Tic. 14. Tlio efTcct of pressure on the formation of HD during the exchange re- 
action between a large excess of normal water and lieavy hydrogen. 

Fin. 15. The kinetics of the cxcliange reaction wlien a large excess of heavy water 
IS sliaken against heavy hydrogen containing the ociuilibnum concentr.ation of D. 
In Curve .Y = Hjj in Cun'c B, .V = IID; in Curve C, .V = D;. 

Fm. 10. Tile kinetics of the exchange reaction for HD wflen a large excess of iicavy 
Water i.s shaken against lie.avy liydingcii containing tiic cqnirdirium concenlralion 
of 1). 


shown in Fig. 14, in which the increase and decrease of IID at 470 mm. arc 
evident. In order to determine the effect of pressure on the reaction 

H, -p D: = 2HD 


the following experiment was carried out. When a bacterial suspension 
m a large amount of heavy water is shaken with deuterium gas containing 
that atomic concentration of deuterium which is in equilibrium with the 
water, the concentration of deuterium atoms in the gas and in the water 
remains constant. If, however, the concentrations of H-, HD, and D; 
in this gas mixture are not in equilibrium, there is a shift in concentration 
of the hydrogens until they are ultimately prosent in equilibrium concen- 
trations. We have found that the data olitained from .such an experiment 
nt Equation 11. This is shown in Fig. 15. 

^Mien the effect of pressure on the rate of formation of HD is studied, 
it is found that the rate of formation of HD increases with low pressures, 
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jii.sl. as (l<^rs (lie oxrliaHKf' rale in (lie. experiment previously described. 
'I'liis is slmwii in I'l^. Id in wliieli Hie coneentralion of HD fnnued in 03 
inimile.s is plotted against firessnre. If the fonn.ntion of HI) at high 
pressure Nvore due to the. reaction repro.sentcd hy Equation IG, the effect 
of a decrease in pres.sure would he to decre.nsc tlio rate of formation of HD, 
since the rate of a hiinolecular reaction is proportional to the product of 
the coneentralion of the reactants. The re.sults .sliown in Fig. 10 indicate 
that the formation of HI) takes plaec primnril}' through the reaction 
dc.scribed in Equation M. 


StTMMAIlY 

Tlic results obtained from the c.vpcriment.s de.scribed may bo summarized 
ns follows; 

1. Tire activity of the enzyme rcsjionsiblo for the c.vcliangc reaction be- 
tween water and h 3 ’drogen is reversibly inhibited by’ o.xygcnntion. There 
is evidence that this inactivation is caused by oxidation of a heavy metal 
in the enzy’me. This and other findings suggest that the enzy’mc re.spon- 
siblc for the exchange reaction is probably’ an iron porphyrin-protem 
complex. 

2. Tlic reactivat ion of the exchange reaction probably occurs by’ reduction 
of tlie oxidized enzy’me by’ biological reducing agents. 

3. The activities of two enzymes which may’ be responsible for the ex- 
change reaction, hy’drogenase and hy’drogenlyase, were not separable. 

4. The reduction of mcthy’lenc blue by liy’drogen may’ be inhibited by 
urethane, without cfTect on the exchange reaction. 

5. The rate-determining step of the exchange reaction between water 
and hydrogen, catalyzed by’ low concentrations of Prolcus vulgaris, is the 
rate of chemical reaction between water and liydrogen. 

6. At high bacterial concentrations, the rate-determining step becomes 
the j'ate at which hy’drogen diffuses to the enzyme. 

7. The effect of increased pressure on the exchange reaction is to bring 
about a diminution in the concentration of unbound enzy-me, and the 
rate decreases with increase in pressure. 

8. The reaction Hs D; = 2HD does not take place to a significant 
extent. 
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A STUDY OF THE ACTION OF PANCREATIC AMYLASE. II 

Br JOHN E. LITTLE ano M. L. CALDWELL 
(From the Deparlmenl of Chemistry, Columbia University, New Yorh) 

(Received for publication, November 6, 1942) 

A study of the influence of a number of reagents upon the action of 
pancreatic amylase (1) has shorni that the primary amino groups of the 
enzjTne protein molecule are essential to the activities of this amylase. 
The work reported here with nitrous acid extends and strengthens this 
finding and shows more conclusively that the phenolic tyrosine groups of 
the molecule are not concerned with its amylase activity. 

Nitrous acid is especially well suited to such an investigation. It reacts 
with the free amino and with the free tyrosine phenolic groups of native 
proteins in certain specific ways (2) without disrupting the molecule as a 
whole (3), and these reactions may easily be foUow'ed (2-4) and are readily 
distinguished from one another (3, 5). The reactions with the primarj' 
and with the secondary amino groups are both of the third order, and both 
become second order in the presence of excess nitrous acid (5). The reac- 
tion of nitrous acid with the tjTosine phenolic groups of proteins, on the 
other hand, is of the second order and becomes first order in tire presence 
of excess nitrous acid (3). Moreover, the reactions of nitrous acid with the 
primary and secondary amino groups of proteins are much more rapid than 
that with their tyrosine phenolic groups (5). 

The final diazo compound which results from the action of nitrous acid 
upon the phenolic group of tsTosine has a yellow color. This makes it 
possible readily to follow' the reaction by the measurement of the increase 
in the absorption of light. This is carried out at a wave-length of 411.5 
uip (3). Furthermore, it has been shown by Philpot and Small (3) that 
the presence of a peptide link involving the amino group of tyrosine makes 
no difference in the rate of the reaction of the tyrosine phenolic groups 
with nitrous acid. These authors found that the rate and order of the 
reaction for the loss of the activity' of pepsin, upon treatment with nitrous 
acid under certain closely' defined conditions, were exactly' the same as 
those of the reaction of nitrous acid with free tyrosine or with a-bromo- 
Propionyltyrosine, under the same conditions. Tliese findings were used 
hy Evans and his coworkers (6) in their work with the hormone which 
stimulates pigeon crop formation. They have also been helpful in the 
study and interpretation of the results obtained here for the influence of 
nitrous acid upon the activity' of pancreatic amylase. 
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F.XrrJltMI'.N'TAI, 

Trcalmcnt vnth Nilrom Acid — After n number of prcliininnrj’ experi- 
ments, tlio following jrroccdure wns nclopfcd for the trcAtment of the 
amylase with nitrons acid. I’nrified pancreatic amylase (7) was dis- 
solved at 0° in an aqncous solntion at pif 4.6 in the presence of 0.5 m 
acetate, 0.02 m phosphate, and 0.01 .xf sodium chloride. Tlie phosphate 
and chloride were added to aid in the stability of the cnzj-mc (8). An 
aliquot of this solution wns diluted with an equal volume of cold water 
and held in an ice bath in the dark (7) ns a control. Another aliquot was 
treated with an equal volume of 2 .m sodium nitrile. This xvas kept in the 
ice batli in the dark and .samples were withdrawn at the intcrwals noted, 
diluted, and adjusted to pH 7.1 for activity mc.asuremcnts. For this, 
equal volumes of these solutions reacted for 30 minutes at 40° with 1 per 
cent soluble jrotato starch at pll 7.1 (8), and the resulting reaction mix- 
tures were measured for reducing value (9), which was calculated in terms 
of maltose. All activities were compared with that of the corresponding 
untreated eontrol solution which liad been held under c-xactly the s-amc 
conditions but without addition of nitrite. 

The rate and the order of the reaction for the loss of the saccharogenic 
activity of the amylase upon treatment with nitrous acid were determined 
and compared with those for the formation of the dinzo compound from 
pure tyrosine under identical conditions bj’ use of a Coleman double 
monochrometer spectrophotometer, model lOS. It xvns not possible to 
follow the rate of formation of the diazo compound in the enzyme solution 
itself, ns this was slightly turbid and the treatment xvith the nitrous acid 
caused a precipitate to form which interfered with the absorption measure- 
ments. 


Results 

Tj'pical results with the cnzj’me solutions and xvith solutions of pure 
tyrosine are given in Tables I and II. 

A study of these data shows that the rate and the order of the inactiva- 
tion reaction of the amylase are very dilTcrcnt from those for the action of 
nitrous acid xvith the phenolic groups of tj^rosine, under the same con- 
ditions. The rate of the inactivation of the amylase bj’’ nitrous acid is 
much more rapid than that of the reaction of nitrous acid with tyrosine, 
and is probablj' more nearly of the magnitude of the rate of the reaction 
between amino groups and nitrous acid (5). 

Moreover, xvhen the reciprocals of the fractions of the original amylase 
activit 3 ’' which remain at anj’’ time, listed in the last column of Table I, 
are plotted against the time of reaction, a straight line is obtained. Tins 
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100.0 
100.0 
97.7 

90.6 
80.4 

67.2 

60.7 
48.0 

45.6 

33.2 
30.9 

29.3 

26.7 

23.4 
22.3 
21.2 
20.9 

, _ l lpg — 

* (minutes) “ 0.000413; half life 

0.0799 . 


0.0000 

0.0000 

0.0101 

0.0429 

0.0947 

0.1726 

0.2168 

0.3188 

0.3410 

0.4789 

0.5100 

0.5331 

0.5735 

0.6308 

0.6517 

0.6737 

0.6799 


1.0000 

1.0000 

0.9849 

0.9369 

0.8607 

0.7461 

0.6811 

0.5311 

0.4985 

0.2956 

0.2499 

0.2159 

0.1565 

0.07221 

0.04148 

0.00912 

0.00000 


0 

0 

-0.0066 

-0.0283 

-0.0652 

-0.1272 

-0.1668 

-0.2748 

-0.3023 

-0.5293 

-0.6022 

-0.6658 

-0.8055 

-1.1414 

-1.3822 

-2.0400 


= 790 minutes. 
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shows that the inactivation of the amylase by nitrous acid is of tlie second 
order and that in this respect also it resembles the reaction of nitrous acid 
with amino groups (5). On the other hand, when the logarithms of the 
fractions of tyrosine which remain at any time, given in the last column 
of Table II, arc plotted against the time of reaction, the straight line which 
results shows that the reaction of tj*rosinc with nitrous acid under the same 
conditions is of the first order for times up to 1750 minutes (3). 

If the widely diflerent rate constants and half life times, which are listed 
below the tables arc also taken into consideration, it is obvious that the 
inactivation of this enzyme by nitrous acid cannot be due to a reaction 
with the tjTosine of the protein but is probabl}' caused by reaction with its 
free amino groups. This latter conclusion is strengthened by the finding, 
reported elsewhere (1 ), of a close correlation between the lo.ss of the activity 
of the amjiasc and the loss of its amino nitrogen upon acetylation with 
ketone. 


SUMMAnV 

Tlic influence of nitrous acid upon the saccharogenic activity of pan- 
creatic amylase has been studied. 

Tlie results show that the rate and the order of the inactivation reaction 
of the amylase arc very' clifTcrent from those for the action of nitrous acid 
with the phenolic groups of tyrosine. They give additional evidence that 
the activity of this onzy'mc is intimately connected with the free primary 
amino groups of the intact protein molecule. 
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THE ULTRAVIOLET ABSORPTION OF VlTAI^irN K, AND THE 
EFFECT OF LIGHT ON THE VITAMIN 


By D. T. EWIXG, F. S. TOMKINS, and OLU'ER KA]MM 

[From the Chemistry Department, MichiganState College, East Lansing, and the Research 
Lahoraiories of Parke, Davis and Company, Detroit) 

(Received for publication, September 12, 1942) 

The relationship between chemical structure and ultraviolet absorption 
spectra is nowhere illustrated better than in the study of vitamin K and 
related compounds. One generalization w'hich we presented in a previous 
publication (1), namely that the vitamin K absorption curve presents a 
sununation of the benzenoid and the quinoid components of the di- 
Bubstituted naphthoquinone molecule, recentb'hasbeen extendedby Morton 
and Earlam (2) to the anthraquinone series. 

We now have made a more complete study of the mtamin Ki absorption 
curve, using not only the vitamin isolated from natural sources, but also 
several specimens of the synthetic product. The main objects of the work 
were to check the identity of the natural and synthetic products and to 
deterrme whether the absorption curve, and especiallj' the absorption 
coeBScient at X 249 mp, could be used as a measure of purity of the vitamin. 
It was hoped also that the results of this detailed study might clear up the 
controversy between Karrer (3, 4) and Doisy (5, 6) regarding the absorption 
coefficients of the pure vitamin. Obviously, in order to contribute to this 
question it was necessary to reinvestigate the complete structure of the 
absorption curve and to study the influence of light and other factors such 
the presence of acetic acid which sometimes is added as a stabilizer. 

Apparatus and Materials 

_ The samples of vitamin Ki, both natural and sjmthetic, used in this 
investigation were prepared by Doisy and his associates at the St. Louis 
niversity School of Medicine. They were examined with a Bausch and 
I^mb medium quartz spectrograph and ultraviolet sector photometer, 
"ith a Hilger No. H-698 hydrogen discharge tube as the source of continu- 
ous ultraviolet light. 

The hexane used as the solvent in thus study was the Eastman Practical 
Pn e, wluch was purified and redistilled. The purification process con- 
rf >,• shakings with 10 per cent fuming sulfuric acid, two 

cp'^t w? NajCOi solution, prolonged shaking with 5 per 

dot'll j *^0“^ Na-COj solution, fifteen to twenty washings with 

1 ed water, drj’mg for 24 hours over calcium oxide, and distillation 
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in hexane solution, in the absence of acetic acid, which was exposed to 
X 3G5.5 and 3GG.3 m/x lines of mercury radiation, readings being taken at 
0, 15, 30, 45, GO, 90, 135, 195, and 255 minutes, respectively. It will bo 
noted that the exposure iirodueos a gradual lowering of the maxima at 
X 239, 243, 249, 2G0, and 2G9 m/x, and a Ics.s pronounced decrease in the 
maximum at X 325 mg, indicating a gradual decomposition of the vitamin. 



7nju 

Fig, 2. Absorption curve of synthetic vitamin Ki in hexane 

Fig. 4 shows a similar set of curves for a sample of sj'nthetic vitamin Ki, 
containing a small amount of acetic acid, determined under identical con- 
ditions as those illustrated in Fig. 3. The curves are essentially the same 
except for a slight stabilizing effect of the acetic acid during the fimt few 
exposures. 

In both of the above cases, the initial elTect is most pronounced on the 
maxima at X 2G0 and 2C9 ma, which we previously have shown to bo as- 
sociated with the quinone structure ((1) p. 350). It follows, therefore, 
that the point of attack is through the quinone grouping. In Figs. 3 
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anti 4 it is interesting to note that the nine cuitcs intellect at approximately 
X 277 ma, and that less definite isoextinction coefficient points occur at 
X 230 m /1 and X 305 m/i. 

No attempt was made to correct for the effect of exposure of the sample 
to ultraviolet light from the hydrogen discharge tube during the ex'posure 
of the plate, because a scries of runs made for the purpose showed that the 
effect of this light was negligible. 



^Nalre Lcnyf/), mjj 

Fig. 3. Absorption curves shoeing the effect of ultraviolet radiations on natural 
vitamin Ki in hexane. The readings for the curves, in numerical order as indicated, 
were taken at 0, 15, 30, 45, 60, 90, 135, 195, and 255 minutes. 

MacCorquodale, Binkley, cl al. (7) report that vitamin Kj is unstable 
when exposed to fight, and curves were presented in our previous article 
showing the deterioration of the absorption curves of samples of vitamins 
Ki and Kj when exposed to diffuse daylight. In order to determine, if 
possible, the wave-lengths or wave-length of light causing this decomposi- 
tion, samples of vitamin K, were c.\posed to various wave-length regions 
from infra-red to ultraviolet. The results are shown in Table I. 




tVa^'c -Length, m/j 

Fig. 4. Absorption riirvos showing tlic effect of ultraviolet radiations on synthetic 
vitamin Ki in hexane. TIic readings for the curves, in numerical order ns indicated, 
were taken at 0, 15, 30, 45, GO, 00, 135, 195, and 255 minutes. 


Table I 

Effect of Farions Radiations on Vitamin Ki 


Source of radiation 

Fillers used 

1 

Time 

Effect 

Nernst glower 

1 

1 None 


Slight decomposition 

(1 

Zeiss No. R-30 

3 ■' 

No effect 

Tungsten filament lamp 

Wratten A 

45 min. 

(i It 

t< (( ({ 

B 

45 “ 

l( (( 

(( l( (( 

” C 

45 " 

<1 (( 

Hg arc 

Conco ultraviolet-trans- 
mitting -f- Cenco infra- 
red-absorbing 

15 “ 

Decomposition 

Diffuse daylight j 

None 

2 hrs. 



These data show that light radiations between X 400 and 800 iQfi have 
no appreciable effect on the vitamin. The slight decomposition shown in 
the case of the Nemst glower with no filter was probably due to the ultra- 
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violet light present in the radiation from the incandescent filament of the 
glower. Thus, the decomposition reported earlier as being due to the 
effect of visible light probably was due to the small amount of ultraviolet 
light present in diffuse daylight. 

We reported previously that vitamin Ki was unstable in hexane solution 
in the dark. However, using specially purified hexane, we now can report 
that vitamin Ki in dilute hexane solution is stable for periods up to 5 
months when stored in the dark at room temperature. 

DISCUSSION 

Sbce Karrer and Doisy first began publication on vitamin K], there has 
been a discrepancy between the two laboratories concerning the correct 
value for at X 249 mu. In their first publication Dam et al. (8) 
gave a value of 280 and McKee et al. (5) a value of 385. In subsequent 
publications Karrer (3, 4) has claimed that his vitamin preparation was 
pure and that 280 ivas the correct value for the extinction coefficient. In 
an effort to discern the cause of the discrepancy, we have made numerous 
measurements on both natural and synthetic vitamin Ki samples which 
were prepared and supplied to us by Dr. Doisy. We find that at 
X 249 mju is 435 ± 5 (log Em = 4.29). This value is in good agreement 
■with values reported by D. M. Bowen (9) (log Em = 4.24 to 4.27) (in al- 
coholic solution) and T. J. Webb (9) (log E„ = 4.26) (alcoholic solution). 
We believe that this is the correct value for either pure natural or syn- 
thetic vitamin Ki in hexane solution. 

Of particular interest in connection with the controversy bet-ween the 
two laboratories is the fact that both groups agree on the values for E^^im. 
for vitamin K 2 (1, 4) and for the diacetate of dihydrovitamin Ki (log Em = 
4-93) (1,4). 

The close agreement of our results ivith those of other laboratories leaves 
Karrer’s low values for Kj fa,, for -vitamin K, unexplained. From a struc- 
tural point of view the chief difference between vitamin K, and vitamin Kj 
IS the size of the side chain in the 3 position. Since the side chain in each 
case is aliphatic and contains no conjugated double bonds, the absorption 
spectra for the two compounds would be expected to be quite similar. If 
the absorption is due to the naphthoquinone portion of the molecule and 
^jOot influenced by the size of the aliphatic side chain in the 3 position, the 
E\cm. values for the two vitamins should be inversely proportional to 
their molecular weights and the log Em values should be equal. The same 
reasoning holds true for the diacetates of vitamins Ki and Kj. Actually 
this is the case. The log Em values for vitamins Ki and Kj are 4.27 and 
4.29 respcctivelj’, and the values for the corresponding diacetates are 4.93 
and 4.93. It is significant that the molar extinction coefficients obtained 
for vitamins K, and Kj agree well with values obtained by Tishler e{ al. (9) 
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for three crystalline -2, S-dialkj'l-l ,4-iinphtlioquinonc.s, TJicse quantita- 
tive relationships arc good evidence in support of the correctness of our 
values. 

A comparison of the absorption cui-vcs prcviouslj' published by us (1), 
as well as those now presented, with that illustrated in the article b}' Dam 
ct al. (8) suggests that there might be a proportionate discrepancy between 
the heights of the respective extinction coefiicients at X 249 m/x and X 325 
mjj. As a matter of fact, the discrepancy is not serious. Karrer’s cuia'c 
was plotted as log versus wave-length, which tends to enhance the 
X 325 m^ maximum, and was compared in this form with our curve which 
w'as plotted as JSj versus wave-length. This latter method shows better 
the fine structure in the region X 239 mii to X 270 m^, but gives a less pro- 
nounced maximum at X 325 m/i. 

An examination of the absorption cuiw’cs showing the effect of ultraviolet 
light on solutions of vitamin Ki gives a certain amount of information as 
to the actual chemical change involved. We have stated in the e.xperi- 
mental part of this paper that the point of attack probabl}' is through the 
quinone grouping, and may add that the X 325 mix maximum which we 
previously associated with the ring structure changes more slowly than the 
rest of the curve. 

2-Methj’I-l,4-naphthoquinonc upon exposure to light for long periods 
of time is decolorized and forms a pol^'mcr of known structure (10). It 
is po.ssiblc that a similar reaction occurs wiicn vitamin Kt is exposed to 
light. 


SUMMARY 

1. A more careful examination of the absorption curve of vitamin Ki 
shows the presence of a new' maximum at X 239 m/i. 

2. The of pure vitamin Ki at X 249 m/i is 435 ± 5. 

3. Vitamin Ki in hexane solution is stable upon standing in the dark 
at room temperature for as long as 5 months. 

4. Vitamin Ki in hexane solution is decomposed rapidly bj' the action 
of ultraviolet light, while visible and infra-red radiations have no effect. 
The point of attack probably is through the quinone group. 

5. The presence of acetic acid has no noticeable effect on the absorption 
curve. 

6. On the basis of the absorption values reported by Dam, Geiger, 
Glavind, Karrer, Karrer, Rothschild, and Salomon, their product appears 
to have been 60 to 80 per cent pure. 
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ENZYMATIC FIXATION OF CARBON DIOXIDE IN 
OXALACETATE* 


Br L. O. KRAI^rPITZ, H. G. WOOD, and C. H. WERKMAN 

(From the Industrial Science Research Institute and Bacteriology Section, Agricultural 
Experiment Station, Iowa State College, Ames) 

(Received for publication, November 7, 1942) 

According to Wood and Workman (1-3), carbon dioxide enters the 
metabolic processes in heterotrophic organisms in conformit}' with the 
follomng empirical equation. 

(0 CO: + CHjCOCOOH ^ COOHCH-COCOOH 


Krampitz and Werkman (4) have obtained an enzj’^me from Micrococcus 
lysodeikiicus, which decarboxylates oxalacetate to pj'ruvate, and have 
mdicated their belief that the same enz 3 Tne is responsible for fixation of 
COj. Their attempts to demonstrate the carboxjdation of pyruvate to 
oxalacetate were unsuccessful, but it was recognized that the possibility 
of carboxylation was not excluded, since the equilibrium of the reaction 
may be far to the side of decarboxjdation and the quantities of oxalacetate 
formed may be too small for detection. Alternatively, as stated by 
Wood el al. (3), a phosphoiylated form of pyruvate, rather than pj'ruvate 
as such, maj' be the active metabolic compound in the carboxylation 
reaction. 

The purpose of this communication is to report the results of e.xperi- 
ments on enzj'matic and non-enzymatic exchanges of C ”02 with the car- 
boxyl groups of oxalacetate in Reaction 1 and with the carboxjd groups of 
other acids in Reactions 2 to 5. 

CHjCOCOOH + o » nH.nnniT 4- nn. 


CH.COOH + CO, 


(3) CH.CHOHCOOH + 0 > CH,COCOOH + H:0 - - > 

CHiCOOH 4- CO, + H,0 

COOHCH:CHCOOH + O > COOHCH.COCOOH » 

CHjCOCOOH + CO, 

(5) COOHCHiCHiCOCOOH + O > COOHCH, CH.COOH + CO, 

The authors consider anj' exchange reaction with carbon dioxide in- 
volving the formation of a carbon-to-carbon linkage to be a fi.xation reac- 
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tion. Wood and Workman ( 1 ) have propoRcd that the usual mechanism 
of hctcrotropliic fixation of CO 2 occurs by Cj and Ci addition. Any 
exchange of carbon dioxide with any other than a 4-carbon compound 
would indicate the existing propo.“al to be incomjilotc in that other mech- 
anisms of fixation liave been neglected. 

Krebs and Eggleston (5), from indirect evidence witli pigeon liver ex- 
periments, have considered Reaction 1 ns adequately demonstrated. It 
is obvious that the acceleration of pyruvate di.ssimilation or the obtaining 
of larger quantities of succinate in the prc.scncc of bicarbonate is not rigid 
proof of the reaction. 

Evans (0) employed 3 ’cast carbo.\vlasc and found no exchange of 
C'Oi with pj-ruvatc. Ruben and Kamcn (7) have considered this 
same reaction to be irreversible; however, Carson, Ruben, Kamen, 
and Foster ( 8 ) have rcccnth- stated tliat a vcr 3 - small amount of C '’02 
is utilized bj' carboxjdasc preparations in the presence of acctaldchj’dc 
and pj'ruvic acid. Other than these reports, there is no information re- 
garding exchange of carbon dioxide in reactions involving cleavage of a 
carbon-to-carbon linkage. 


i\fc(hods 

In general the reactions were conducted in the presence of NaHC '’03 
until approximately one-half of the original substrate remained. Tlic 
residual substrate was degraded and the C” content of the fragments de- 
termined on the mass spectrometer (Nier (9)). 

Enzjune preparations of lilicrococcus lysodciklicus were prepared accord- 
ing to Krampitz and AVerkman (4). Acctonc-trcatcd cells decarbo.\ 3 'late 
oxalacctate to p 3 'ruvate and CO 2 and oxidativel 3 ' dccarboxwlate p 3 'nivato 
to acetate and CO:. Cells deficient in Mg++ and cocarboxylase do not de- 
carbox 3 dato either oxalacctate or p 3 ’ruvate; however, the addition of iMg"^ 
restores the abilit 3 ' to decarboxylatc oxalacctate, whereas the addition of 
cocarbox 3 dase and I\Ig++ is required for the dccarbox 3 -lation of p 3 'rur’atc. 

NaHC'^Os was prepared from C*’0: obtained, from methane whose 
C*’ content had been increased in a thermal diffusion column according to 
Nier and Bardeen (10). 

The exchange reactions were conducted in 125 ml. Erleimie 3 "er flasks 
with two side arms, which were attached to AA''arburg-Barcroft manometers. 
300 mg. of the acetone preparation were used in each flask. The concen- 
tration of the oxalacetic acid was 0.053 m and that of all other acids was 
0.02G m. Each acid was adjusted to pH 7.0 before addition. The mix- 
ture was buffered with 0.021 m phosphate, pH G.G, and 0.05 m NaHC’Os. 
Appropriate concentrations of the two buffers were placed in the side arms 
of the flask and mbeed with the enz 3 Tne preparations and substrate after 
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temperature equilibrium (30.4°) had been reached. The approximate pH 
of the resulting mixture was 7.2, and the volume was 30 ml. Owing to 
the instability of oxalacetate to acid reactions and the length of time re- 
quired for anatyses, the concentration of this acid was doubled so that 
substantial quantities remained for analysis. At the conclusion of the 
reaction (c/. Tables I and II) the ensjune preparation was rapidly cen- 
trifuged off and analyses were made on the supernatant liquid. 

Because of the instabilit5’’ of oxalacetate to acidification and heat, the 
residual C’Oj was not removed by boiling and aeration. Preliminary 
experiments conducted at room temperature with the phosphate-bicar- 
bonate buffer mixture and oxalacetate proved that on acidification to 
Congo red the COj is quantitatively removed from solution by aeration 
through a sintered glass disk for 15 minutes. 

In the experiments the solution was acidified and aerated for 15 minutes, 
then 0.75 mM of NaHC^Oj was added and the aeration was repeated. 
The use of a C“Oj rinse insured that no C'’02 remained to interfere subse- 
quently with the isotope determination of the carboxyl carbons. The 
C“ content of the CO2 from this normal bicarbonate rinse was deter- 
mined and compared with the C'* concentration of the acid analyzed. 
The values in parentheses in Table I give the C*’ content of the rinse. 

The aeration was conducted in a 20 X 5 cm. Pyrex tube. Arrangements 
were made for the addition of the necessary reagents during the course of 
aeration. The CO2 was collected in 20 ml. of 1.5 n carbonate-free NaOH 
in a bead tower. In all experiments except those which first required 
ether extraction, the mixture was centrifuged and the supernatant liquid 
was used. 

The oxalacetate in the resulting C02-free medium was degraded by the 
two following methods. 

Aniline-Citrate Method {Edson (11 )) — In this method CO2 originates 
from the carboxyl adjacent to the methylene group of oxalacetate. This 
carbon dioxide was collected and its C“ content determined. The other 
carboxyl carbon is linked with aniline as pyruvanilide. 

Acid and Heat Decarboxylation — ^IVhen oxalacetate is made acid to 
Congo red with H2SO< and boiled for 30 minutes, it is quantitatively 
decarboxylated to pyruvate and carbon dioxide. This CO2 originates 
from the carboxyl group adjacent to the methjdene group. The advantage 
of this method is that the resulting pyruvate can be o.xidized with ceric 
sulfate at room temperature to acetic acid and carbon dio.xide (Fromageot 
and Dosnuelle (12)). The CO* originates from the carboxyl group of 
pyruvate. In (his way carbon atoms in the two carboxyl groups of the 
oxalacetate can be separated for the C“ determination. 

In the experiment in which a-ketoglutarate was the substrate (Reaction 
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5) the residual a-kctoglutaratc was degraded with KMnO^ (Wood cl al. (3)). 
The products of this oxidation arc succinate and carbon dioxide. The 
carbon dioxide which originates from the carboxyl adjacent to the carbonyl 
group was collected and the C” content determined. 

When lactate was used as the substrate (Reaction 3), the residual lac- 
tate and the oxidation product, pyruvate, were separated bj' continuous 
ether extraction after addition of bi-sulfitc. The ether extract contained 
the lactic acid. The pynivate-bisulfite complex in the residue was decom- 
posed by boiling and the extraction repeated to recover the pynivic acid. 
The carboxyl group of the lactic acid was dccarboxylatcd bj' KMnO< 
oxidation (Fricdcmann and Kendall (13)), and that of the p\TUvic acid 
by ceric sulfate oxidation. 


EXPERIMENTAD 

Experiments shown in Table I, Column 3, were conducted with oxalacc- 
tate and NaHC'^Os in the absence of enzyme. The extent of exchange of 
carbon dioxide occurring during this spontaneous decarboxylation was 
measured as a standard for comparison with the enzymatic exchange. 
The results show that there may be a verj' slow rate of exchange between 
carbon dioxide and the carboxyl group adjacent to the methylene group. 
However, the C*’ percentage, 1.13, with the aniline-citrate method and 
1.12 with the acid-heat method, is only slightly above the normal of 1.09 
and lies almost within the limits of error of the mass spectrometer (±2 
per cent). The C'^ value of the rinse was nearly normal, showing that the 
C‘^02 was practically completely removed. It should bo emphasized 
that the time of these experiments was much longer (210 minutes) than 
that of the experiments with the enzyme preparation so as to allow ap- 
proximately the same amount of dccarboxjdation. The C‘“ content of the 
carboxyl group adjacent to the carbonyl group is normal. 

Swendseid ct al. (14) have shown that the natural abundance of C*’ in 
animal tissues averages lower than that in normal NaHCOj. Because of 
this variation there is some question as to the C” value which should be 
used as the standard in judging whether a compound contains fixed C'^O". 
Therefore the" C*’ content was measured in oxalacetate obtained from ex- 
periments in which there was enzymatic exchange with normal NaHCOs 
and was found to be (Table I, Column 4) comparable to that in normal 
NaHCOa; i.e., 1.09 per cent. Apparently there was no detectable differ- 
entiation of the isotopes of carbon, as seemed to have occurred in the ani- 
mal experiments of Swendseid ct al. All of the C*® values given are the 
average of several experiments. The results in Column 4 were used as the 
standard in judging whether fixation of C*“ had occurred in the oxalacetate. 

Experiments conducted with the acetone-enzyme preparation, oxalace- 
tate, and phosphate-bicarbonate buffer mixture show a very significant 
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carbon dioxide exchange. The carboxyl group adjacent to the methylene 
group contained 1.29 per cent C'* (acid-heat method, Table I, Column 5), a 
value 18.3 per cent above the normal C‘* complement of 1.09 per cent. 
By the aniline-citrate method the value was found to be 1.23 per cent, 
lie C« concentration of the NaHC"Oj rinse was 1.12 per cent, showing 
definitely that the residual NaHC‘’Oa was not interfering with the car- 
boxyl carbon determination. These results show that there is a rapid 
rate of exchange in the presence of the enzj’me in contrast to the insignifi- 
cant exchange in the absence of the enz 3 nne. 

Tabix I 

Ezchanje of Heavy Carhon Dioxide in Carboxyl Croupe of Oxolacelate during Enzymatic 
and Non-Emymalic Decarboxylation 

The C*’ concentration of the original bicarbonate was 9 per cent. The bold-faced 
figures represent C** values when exchange has taken place. The values enclosed in 
parentheses are the C“ contents of the rinse. .\il readings are measured in per 
cent C". 





Eniymatjc decaiboayUUon 

Group to wh'idi 
ttfboxyl group 
b adj»c«nt 

Bilethod of 

j 

SpooUneous 
dccatbosyla- 
twn.JlOmla, 
C«0j4dded | 

; 1 

1 Acetone 
pnp. 
&ratioa, 
20 min., 
C«0» 
added 

Acelone 

prtparalioo, 

20 mis.. 
C»*Oi added 

Mg+*-de6rieot 

preparation, 

60 min., 

1 C‘*Ot adoed 

1 

1 De5clent 
; preparation 
i Sig^,20min., 

1 C«Or added 

(1) 

w 

(3) 

(4) 

(S) 

(6) 

(?) 

Methylene 

Aniline- 

1.13 (1.12) 


1.23 (1.13) 


Il.26 (1.11) 


citrate 




1 

1 

« 

Acid-heat 

1.12(1.11) 


1.29 (1.12) 

1.16 (1.12) 


Carbonyl 

Ceric 

1.11 


|l.ll 


1.11 


sulfate 


1 

i 

i 



The C*’ concentration of the carboxj'I group adjacent to the caibon 3 d 
group was 1,11 per cent, indicating that no exchange had taken place in 
this position. 

As reported bj' Exampitz and Workman (4) Mg++ but neither thiamine 
nor cocarboxj'lasc was required for the decarboxjdation of oxalacetatc. 
The Mgt^'-deficient preparation was emploj'cd with oxalacetate and the 
buffer mixture (Table I, Column 6). The C‘* concentration of the carbo.xyl 
group adjacent to the methylene group was 1 .16 per cent, as determined bj- 
both the aniline-citrate and acid-heat methods of docarbo-xvlation. This 
small fixation of C” indicatr.s that there wa.-^ a slow exchange which maj* 
have. lM?cn due to incomplete removal of the nuigiwsium ions. 'I'lie ear- 
boxj-1 group adj.acent to llu* carbon.vl group had .a O” eonceiilr.idim of I.O.S 
iv.r cent, indicating that no exchange had taken place. 

Wicn was supplied to the deficient preparation, cxcliange took 
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place as evidenced by the 1.26 per cent of C*’ in the carbox-j’l group adjacent 
to the methylene group (Table I, Column 7). This concentration was 
15.6 per cent above the normal complement of C’, by both methods of 
analysis. The carbox}'! adjacent to the carbonyl group had a C’ con- 
centration of 1.11 per cent, again indicating no exchange. 

The deficient preparation plus hlg"*^ dccarbo.xylates oxalacetate com- 
pletely to pymvate and carbon dioxide; i.c., no oxalacetate remains as 
determined by the aniline-citrate method. However, when fumaratc is 
oxidized b}' this same preparation, some oxalacetate remains, ns determined, 
by the aniline-citrate method. Apparent!}' tlie oxalacetate that is pro- 
duced by fumarate oxidation differs from that s^'nthc.sizcd in the Inbora- 
torJ^ The decarboxylation of the physiological oxalacetate may be re- 
versible to such an e.xtcnt that a detectable quantity of oxalacetate remains, 
whereas with o.xalacetate, as synthesized in the Inboratorj', no such equilib- 

Table II 

Exchange of Heavy Carbon Dioxide in Carboxyl Groups 
Tlio C’ concentrntion of the oriRinnl bicnrbon.'ito in Column 1 wiis 7 per cent; 
in all others, 9 per cent. All readings arc measured in per cent C*’. 


O-talflcetate 
(from fumarate), 
carboxyl proup 
adjacent to 
methylene group, 

60 min. 

ryruvatccarboxj'I, 

! 90 min. 

Lactate carbox>‘l, 
2t0 mtn. 

Pyruvate carboiyl, 
from lactate 
oxid.alion, 310 min. 

o-KelORlutarate, 
carboxyl group 
adjacent to carbonyl 
group, 210 min. 

(1) 

(2) 

(3) 

(U 

IS) 

1.47* 

1.12 j 

1.12 

1.12 

1.11 


* C” value when exchange has taken place. 


rium occurs. In order to study the exchange reaction with tliis physiologi- 
cal oxalacetate, oxidation of fumarate was carried out in the presence of 
NaHC^’Oa (Table II, Column 1). The oxalacetate produced from fu- 
marate was decarboxylated with aniline-citrate. The C’ content of this 
carboxyl group was 1.47 per cent, or 34.8 per cent above the normal com- 
plement. The original NaHC'^Oj in this experiment was prepared from 
7 per cent C’Oo, while in all other experiments reported 9 per cent 
was used. The amount of exchange was greater than in those experiments 
in which synthesized oxalacetate was employed. This indicates that 
exchange is greatly facilitated by the physiological oxalacetate. 

The acetone preparation oxidizes pyruvate to acetate and carbon diox- 
ide. A determination as to whellier an exchange occurs during this reac- 
tion was made under conditions similar to those of the other experiments. 
The concentration of in the carboxyl group of the pj'ruvatc was 1.12 
per cent (Table II, Column 2). Apparently there was little or no ex- 
change of CO 2 . 
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As was stated previously, pyruvate as such may not be the physiologi- 
cally active compound concerned in the fixation reaction, and since oxalace- 
tate enz 3 Tnatically derived from the oxidation of fumarate gives a higher 
exchange value than synthesized oxalacetate, it was considered possible 
that pyruvate derived from lactate oxidation would bring about an ap- 
preciable exchange. The acetone preparation oxidizes lactate to pyru- 
vate, acetate, and carbon dioxide. The accumulation of pyruvate sug- 
gests either that its oxidation is slower than that of lactate or that bio- 
logical pyruvate -is formed -ivith which the decarboxylation is reversible. 
In the latter case the pyruvate would never be completely oxidized. The 
oxidation of lactate was carried out in the presence of NaHC^O^ until 
pyruvate accumulated in determinable quantities (210 minutes). The 
C“ concentration of the carboxyl group of the pyruvate was 1.12 per cent 
(Table II, Column 4) and that of the carboxyl group of the residual lac- 
tate was 1.12 per cent. These results show that no substantial exchange 
occurred. The decarboxylation of lactate or pyruvate derived from the 
lactate is irreversible or at least largely so. 

There was no fixation of C*’ in the carboxyl group adjacent to the car- 
bonyl group of a-ketoglutarate when it was oxidized by the enzyme (Table 
II, Column 5). 


DISCUSSION 

These experiments were designed to determine whether or not enzjmatic 
and non-enz 3 matic exchange of C ‘’02 occurs with the carbo.xjd groups of 
keto acids. 

During the spontaneous decarboxylation of oxalacetate no appreciable 
e.xchange occurs. This indicates that the spontaneous reaction is irre- 
versible. If the small C'’ concentrations indicate reversibility’, the rate of 
carboxj’Iation is extremely slow. In the presence of the enz^’me the rate 
of e.xchange in oxalacetate is fairlj’ rapid. That there is no exchange, or 
verj’ little, in the carboxjd group adjacent to the carbonjd group, is e.x- 
tremely interesting in view of the results of Slade cl al. (15, 16) and Wood 
el al. (3). Tie former, working with several species of heterotrophic bac- 
teria, and the latter with pigeon fiver observed the presence of fi.xed carbon 
dio.xide in the carboxjd group of lactic acid. Assuming that the fixation 
occurred by Reaction 1, these authors gave two alternatives to account 
for the fixed carbon in lactic acid: (a) the reduction of oxalacetate to a 
sj'mmetrical molecule, from which the lactate was eventuallj’ obtained; 
(i>) a suggestion made bj- Mej'erhof (17) wherein the non-enz\'matic shift- 
ing of OH and H in cnol oxalacetate would cause the carboxj’l groups to 
lose their orientation with respect to the original carbonj-I and methj’lene 
groups. The reaction maj’ be represented as follows: 

C»OOH.COH:CH.COOH — C“OOH.CH:COH-COOH 
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Accordingly tlic oxalncetatc would have fixed C’Oj in both carboxyl 
groups, and the occurrence of C” in the lactic acid would be easily ex- 
plained. The present cxpcrimcnls do not lend support to this mechanism, 
since exchange Avas found to occin- onlj' in the carboxyl group adjacent 
to the methjdcnc group. There is the possibility that the shift of the 
enolic hydroxyl group may be catalyzed by an enzjTnc not present in the 
acetone-treated cells. 

Since significant exchange can occur onlj’’ enzj'matically, it is evident 
that exchange will occur only in tho.se molecules of oxalacetate which are 
in contact with the enzyme, and arc dccarboxylatcd, and then carboxy- 
latcd. All other molecules of oxalacetate will dilute those in which c.x- 
change has taken place, since their C’ concentration will be normal. 
This explanation would account for the low C* concentration in the car- 
boxyl group as compared to the bicarbonate. The actual degree of ex- 
change in the molecules making contact with the enzyme probably would 
be much greater than the results indicate. 

■\Vlion fumarate was oxidized in the presence of NaITC *’03 (Table II, 
Column 1), the resulting oxalacetate had a greater C” A’aluc than when 
exchange was measured with .synthesized oxalacetate (Table I). Tavo 
possibilities may be suggested to c.xjilain this greater exchange: (1) A 
greater proportion of the oxalacetate molecules obtained from fumarate 
oxidation was in intimate as.sociation with the carboxylating cnz 3 ’’mc. 
Tills would impl.A' that the fumamte (malate) dehj'drogenasc is in clo.so 
proximity to the cnrbox\dating cnzA’ine, thercb.v in.suring contact with the 
latter enzyme. (2) '^I'he o.xalacctatc obtaincil from fumarate oxidation 
is of a different, form than that s.vnthc.sized in the laboratoiy. Tlic latter 
explanation appears to bo the more likol.v, since the sj’nthcsized o.xalacetate 
is completely dccarboxj'latod to p.vruvate and carbon dioxide, whereas an 
equilibrium apparentlj’’ is established with that obtained from fumarate 
o.xidation. 

Krampitz, Utter, and Workman (18) have found that phosphate ac- 
celerates the oxidation of fumarate bj' Micrococcus hjsodciklicus. It is 
possible that the oxidation occurs in the manner proposed bj' Lipmann (19). 
The reactions arc 

II H II H 

(G) COOII-C:C-COOH -f- HjPO, > COOH-C-C-COOH 

Funiaric acid H OfPOjHi) 

phosphomalic acid 

H H 

(7) COOH-C-C-COOH -f O » COOn-C:C -COOH -t- HjO 

H 6(POHh) H OtPOjH,) 

pbosphooxalacetic acid 
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The phosphooxalacetatc may be. the physiological compound with which 
exchange occurs more abundantly. One would expect the phosphooxalace- 
tate to have properties similar to phosphopyruvate but no phosphate 
fractions -with such properties have been obtained from this oxidation. 

Solomon et al. (20) have shoivn that C'Oj is fixed during glycogen S 3 m- 
thesis from lactate in rat liver. These authors have proposed that this 
synthesis occurs by the reversible reactions of the Embden-Meyerhof- 
Pamas scheme of carbohydrate dissimilation. Since the phosphopjTuvate 
+ adenylic acid — ^ pyruvate + adenosine triphosphate reaction in this 
scheme has not been found reversible, they have proposed the s 3 mthesis 
of oxalacetic acid via the fi.xation reaction (4). The oxalacetate is reduced 
to fumarate which undergoes Reactions 6 and 7. The phosphooxalacetatc 
is decarboxylated to phosphopyruvate and carbon dioxide. The attain- 
ment of the symmetrical fumarate molecule accounts for the fixed carbon 
in the glycogen. 

There is evidence that the utilization reaction requires phosphate; 
however, the phosphorylation mechanism may be similar to that proposed 
by Negelein and Bromel (21) for 1,3-diphosphoglyceraldehyde. In this 
case the phosphoric acid would add to the carbonyl group of pyruvic acid 
and the COj would react with the resulting compound as follows: 

HO H OH 

(8) IIC-C-COOH + H,PO, > HC-C-COOH 

H H 6(PO.Hj) 

H OH H OH 

(9) CO, -f- HC-C-COOH » COOH-C-C-COOH 

11 6(po,h,i h 6(po,h,) 

Tlie latter compound becomes phosphooxalacetate (enolic) upon removal 
of H 2 O from the a- and /S-carbon atoms. The necessity of phosphate in 
the fixation reaction could thus be explained and phosphopyruvic acid 
would not be an essential constituent of the reaction. If on the other hand 
phosphopyruvic acid is found to be essential in the fixation reaction, the 
mechanism of Solomon cl al. for glycogen synthesis will have to be revised, 
for under such conditions the fixation reaction could not be the source of 
phosphopyruvate for glycogen s^mthesis. Work is now in progress to 
determine the phosphate requirements for the exchange reaction, and also 
Avhether phosphopyruvate will bring about the carho.xj'lation reaction. 

The negative exchange result obtained during the o.xidative decarhoxj'- 
lation of pyruvate is not altogether unexpected, since there was no exchange 
in the carboxyl group adjacent to the carbonj-1 group in o.xalacetate. 
Perdman and Epstein (22) have reported the necessity of phosphate for 
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lactate oxidation; consequently the pj’nivate resulting from this oxidation 
may be phosphorjdated and thus be capable of being carboxylated. No 
oxalacetate could be detected, however, after lactate oxidation and in 
addition the pyruvate did not exhibit an ability to exchange CO:, further- 
ing the evidence against a C: and Ci addition hypothesis. 

Wood ct al. (3) have found C’O: fixed in the carboxyl group adjacent to 
the carbonjd group of a-ketoglutaric acid formed during the dissimilation 
of pj^ruvic acid with pigeon liver. Thej' have proposed that the carbon is 
initially fixed by 3- and 1-carbon addition and that the a-ketoglutaratc is 
derived from the oxalacetate by the Krebs cycle. That, the ^xed carbon 
probably did not arise by the carboxylation of succinic acid is borne out by 
the negative exchange values obscr\'cd in the present investigation of the 
oxidation of a-ketoglutaratc to succinate and carbon dioxide. 

SUM.UAnV 

The exchange of C”0: with the carboxj’l groups of oxalacctic acid dur- 
ing spontaneous decarboxylation was found to be insignificant. The 
exchange, however, significantly increased during the enzymatic decar- 
boxylation of the acid. The exchange occurred exclusii’cly in the carboxyl 
group adjacent to the methylene group. 

Evidence is presented to show that a dj’namii; equilibrium invohing a 
shift of the hydro.xyl of cnol oxalacetate does not occur. Oxalacetate 
derived from fumaratc oxidation gave high exchange values. No ex- 
change occurred during the oxidative decarboxylation of pyruvate or a- 
ketoglutaratc, nor did pyruvate derived from lactate oxidation give c.x- 
change. These results are further evidence of the validity of the fixation 
reaction as proposed by Wood and Workman. 
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LETTERS TO THE EDITORS 


ACIDOSIS AND DECREASED URINE FLOW IN THE RABBIT 
DURING GRAVITy SHOCK 

Sirs: 

When rabbits are held vertically with their heads up, they become 
unconscious, or nearly so, just before respiratory failure, a condition which 
has been called gravity shock. If returned to the horizontal position at 
that time, 75 per cent of them recover completely. The other 25 per cent 
die within 12 hours, even though their posture, respiratory rate, and gene- 
ral behavior were normal during most of that time. 

Studies on the heart blood of thirty rabbits before and after gravity 
shock have revealed in the shocked animals a severe acidosis (pH 6.85 to 
7.10), acapnia (50 to 70 per cent decrease in CO 2 ), marked increases in 
lactic and pyruvic acids (100 and 20 per cent), and an unusual phospha- 
temia (150 per cent increase above normal). Simultaneously the urine 
flow steadily declined to zero. After return to the horizontal position 
urine flow, in the animals which recovered, gradually increased to the 
normal rate within a few hours, and the urine showed a significant increase 
in phosphate content. The pH of the blood also returned to normal in 
the same time. 

These facts are interpreted to mean that hanging of the rabbit reduces 
blood flow through the peripheral tissues of the posterior regions, causing 
an oligemic anoxia of those tissues. Lactic, pyruvic, and phosphoric 
acids, therefore, appear in the blood and increase its acidity, while the 
carbon dioxide content decreases. WTien the pH has decreased suffi- 
ciently, the formation of urme is stopped, so that the excretion of all 
substances which are sustaining factors in shock is prevented. Unless the 
animal can resume urine formation after return to the horizontal position 
and thus rid the blood of the harmful substances, it m'll die. 

The study of this condition is being extended and a full report of the 
findings will be made later. 

Bureau of Biological Research James B. Allison 

Rutgers University William II. Cole 

New Srunswic): James H. Leathqi 

William L, Kastuk 
John* A* Anderson' 

Ilcccivcd for publication, Kovember 20, 1!M2 
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XANTHOPTERIN IN THE TREATMENT OF LEUCOPENIA AND 
WEIGHT LOSS IN RATS FED SUCCINYLSULFATHIAZOLE 


Sirs: 

Preliminary unpublished data* have indicated that xanthopterin (the 
fish anemia factor)* is capable of alleviating the blood changes in nutri- 
tional cytopenia in the monkey, but the evidence is not 3'et conclusive that 
xanthopterin is identical nith “vitamin M.” The similarity of the 
s3rndromes in the monkej'* and in succinjdsulfathiazole-treated rats* led us 
to believe that xanthopterin might overcome the deficiencj- in the latter 
species also. The changes produced in the rat were prevented or cured 
by treatment with whole liver or liver fractions,* some of which have also 
been found to be active in the prevention of vitamin M deficienc3' in the 
monkey.’ Likewise “folic acid” has been found to be at least partially 
effective in overcoming the deficiency produced b3' feeding succin3'lsulfa- 
thiazole.’ In a single experiment b3' Wilson el al. it was reported that a 
folic acid concentrate raised the leucoc3’-tc count of a vitamin M-deficient 
monkey.’ 

In this note wo wish to report the effectiveness of xanthopterin in al- 
leviating the leucopenia and counteracting the growth inhibition produced 
by succinylsulfathiazole. 

Rats 25 da3's old from our stock coIon3' were used. The basal ration 
had the following percentage composition: sucrose 74, casein 18, cotton- 
seed oil 3, salts* 2, cod liver oil 2, and succinylsulfathiazole’ 1. The B 
vitamins were fed dail3" in supplement dishes at the following levels: 
thiamine chloride 50 7, riboflavin 34 7, p3’ridoxine 20 7, calcium panto- 
thenate 100 7, and nicotinamide 200 7. After 5 weeks, at which time 
growth had ceased, 0.05 cc. of a biotin concentrate (S. M. A., No. 1000) 
was included in the vitamin supplements of all animals. 20 7 of xanthop- 
terin daily were given at this time to six of the eleven experimental ani- 

* Totter, J. U., Shukers, C. F., Kolson, J., Mims, V., and D.aj-, P. L., unpublished 
experiments. 

* Simmons, R. 3V., and Norris, E. R., J. Biol. Chem., 140, 079 (1941). 

* D.a}', P. L., Langston, W. C., Darby, 3V. J., Wahlin, J. G., and Mims, V., J. 
Exp. Med., 72. 463 (1940). 

* Spicer, S. S., Daft, F. S., Sebrcll, W. 11., and .\.shburn, L. L., Pub. Ileallh Pep., 
U. S. P. n. S., 67, 1559 (1942). 

* Nielsen, E., and Elvehjem, C. J. Biol. Chem., 145, 713 (1942). 

‘ Wilson, H. E., Doan, C. A., Saslaw, S., and Schwab, J. L., Proc. Soc. Exp. Biol, 
and Med., 60, 341 (1942). 

* Hubbell, R. B., Mendel, L. B., and Wakeman, A. J., J. Xutrition, 14, 273 (1937). 

* Succinylsulfathiazole was kindly supplied b 3 - Sharpe and Dohme, Inc., Glen- 
olden, Pennsylvania. 
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raals. TIio x.anthopterin used was syntlicsizcd by a modification of the 
Purrmann inctliod” developed at this laboratory. 

The five control animals receiving biotin showed a slight growth response 
followed by a continued loss of weight, while those receiving both biotin 
and xanthopterin showed an immediate weight gain and a pronounced leu- 
cocyte response. The average white coll count after 5 days of .xanthop- 
terin therapy was 9J00 white cells per c.mm., while in the control group 
the average was only 3420 per c.mm. 

If the deficiency produced by succinylsulfathinzolc is of a specific nature, 
then it seems probable that the “folic acid” concentrates used by Nielsen 
and Elvehjem® contained xanthopterin or some closely allied substance. 
The possibility that folic acid is identical with xanthopterin should not be 
overlooked. On the other hand, this substance may not bo the only one 
involved in protection against succinylsulfathiazolc. Preliminary studies 
indicate that the distribution of white blood cells is not normal after 
xanthopterin therapy and that normal growth is not fully restored; whether 
these results should be interpreted as showing the lack of other essential 
substances or whether they indicate an injurious action of the drug is not 
yet clear. 

Dcparlmcnl of Physiological Chcmislry John R. Totter 

School of Medicine Paui< L. Day 

University of Arkansas 
Little Pock 

Received for public.alion, Deccinlior 14, 1912 


• Purrmann, R., Ann. Chem., 646, 93 (1940). 




THE EXCRETION OF PREGNANEDIOL FOLLOWING THE 
ADMINISTRATION OF DESOXYCORTICOSTERONE ACETATE 

TO RABBITS* 

Sirs; 

Cuyler et aU reported that a healthy man excreted 29 and 16 mg. of 
sodium pregnanediol glucuronide after receiving intramuscularly a total 
of 25 and 50 rag., respectively, of desoxycorticosterone acetate. These 
authors were unable to confirm their original observation in three other 
men,“ or to demonstrate any clear cut augmentation in the excretion of 
sodium pregnanediol glucuronide in a group of women receiving desox 3 '- 
corticosterone acetate.’ Because of these conflicting observations we were 
led to reinvestigate the possible conversion of deso.xycorticosterone to 
pregnanediol. 

The rabbit was chosen as the test animal, since this species, which nor- 
mally does not excrete detectable amounts of pregnanediol, e.\'cretes 
pregnanediol glucuronide after the administration of progesterone.* 
Crystalline desoxycorticosterone acetate dissolved in oil was injected 
subcutaneously in amounts varying from 225 to 930 mg. over a period of 
1 to 10 days to each of eight adult rabbits. The urine collected during 
the injection period and for the succeeding 3 days was extracted daily 
wth butyl alcohol. The combined butanol e.xtracts were examined bj' 
Venning’s method.’ The results are shown in the table. 

In each instance a precipitate, indistinguishable from sodium pregnane- 
diol glucuronide as to method of isolation and melting point, was obtained. 
Conclusive identification was established bj' the isolation of pregnanediol 
from the acid hj'drolysates of the precipitates isolated in Experiments 2 
and 6. Hydrolysis of 100 mg. of the precipitate from Experiment 2 
yielded 38 mg. of a product melting at 220-225” which, after chromato- 
graphic analj'sis and two crystallizations, melted at 235-236° and at 

* The authors ore indebted to Dr. E. Schwenk of the Schering Corporation for 
tlic desoxycorticosterone used in these experiments and to Mrs. D. Jen-itt of Ayerst, 
McKenna and Harrison, Ltd., for the microanal 3 'scs. 

* Cuj-Icr, W. K., Ashley, C., and Hamblen, E. C., Endocrinology, 27, 177 (1940). 
’ Cuj-ler, IV. K., Hirst, D. C., Powers, J. M., and Hamblen, E. C., J. Clin. Endo- 
crinology, 2, 373 (1942). 

’ Hamblen, K. C., Cuyler, \V. K., P.attce, C. J., and Axelson, G. J., Endocrinology, 
28, .30G (1911). 

* Heard, If. D. 11., Uauld, \V. S., ami Hoffman, M. M., J. Biol. Chem., 141, 709 
(1941). lloffiiian, M. M., ami Browne, J. S. I.., f’edrrofion I'roc., 1, pt.2, 41 (1912). 
HofTnian. M. M., Canatl. Med. Atsn. J., 47, 424 (1912). 

‘ Venning, E. 11., J. Bint. Chem., 12S. 595 (I93S). 
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236-237° on admixtuvc. with authentic pvcgnnne-3(«) ,20(a)-tliol. Found, 
C 78.77, H 11.42; calculated for CnlljcO^, C 78.75, IT 11.25. Thus 5.6 
to 14.6 per cent of the desoxycorticosterone injected wa.s excreted as 
pregnanediol. The extent of this inlcrconversion is of the same order 
as that iircviously demonstrated for the conv(‘rsion of progesterone to 
pregnanediol in the rabbit.'’ 


ETperi- 

mcnl 

No. 

Test animal 

r)c30Tycorlico8teronc 
acetate ntlministcrctl 

rrcrn-anciliol nlucuronidc 
. isol.ateU 

Dcsox>'corticos- 
tcrone con* 
verted to 
prcjrnancdiol 

Period of 
injection 

Amount 

i 

Weight 

M.p. 



days 

nr. 

nr- 

•c. 

per cent 


M. 

3 

482 

35.2 

25-4-257 

5.7 



3 

930 

140 

259-263 

10 5 



3 

225 j 

IS. 2 

262-267 

5.6 

4 

<< 

1 

270 

4S.4 

25-4-260 

12.5 


<< 

10 

343 

3S.4 

26-4-268 

7.7 


F. Isolated 


460 

65,3 

256-201 

9.8 


“ Pregnant 


500 ! 

63.3 

204-207 

8.8 


<( it 


520 


258-202 

1 14.6 


Under certain circumstances part of the pregnanediol in human urine 
may originate from the adrenal cortex.® In view of the above results it 
seems likely that pregnanediol of adrenal origin might arise not only from 
progesterone," but also from desoxycorticosterone, which has also been 
isolated from the adrenal cortex.® 

McGill Univcrsily Clinic M. M. IIokf.'ian’ 

Royal Victoria Hospital V. E. KazmiX 

Montreal, Canada J. S. E. Browne 

lleceivcd for publication, December M, 1912 


® Winterstcincr, 0., J. Am. Med, Assn., 116, 2679 (1941). 
^Hirschmann, H., J. Biol. Chem., 136, 4S3 (1940). 

® Reichstcin, T., and von Euw, J., Ilclv. chim. acta, 21, 1197 (1938). 
” Supported by a grant from the Banting Rcscarcli Foundation. 













THE STATE OF PANTOTHENIC ACID IN BLOOD 


Sirs: 

Stanber}', Snell, and Spies,* by employing slight modifications in tech- 
nique, have successfully applied the microbiological assay method for 
pantothenic acid of Pennington, Snell, and Williams- to the determination 
of pantothenic acid in blood. They reported that normal human blood 
contains between 0.19 and 0.32 y of pantothenic acid per cc. (average, 
0.225 y per cc.). These results have been confirmed by others’ when 
Lacldbacillus casei e was used as the test organism. However, Pelczar 
and Porter* in assaying clarified blood for pantothenic acid, bj"^ a method 
depending on the essential nature of pantothenic acid for Proteus morganii, 
found human blood to contain only 0.032 to 0.099 y of pantothenic acid 
per cc. An explanation for this apparent discrepancy is believed to be 
found in the results of the follomng experiments shown in the table. 

In keeping with the experience of others, we found whole blood or plasma 
of various species (human, rabbit, and dog) to contain 0.15 to 0.35 y of 
pantothenic acid per cc. when assayed by the method of Pennington zi al.- 
Protein-free filtrates of whole blood prepared with tungstic acid (Folin-Wu 
procedure) or zinc hydroxide (Somogj’i) were found to contain an amount 
of pantothenic acid equivalent to 0.030 to 0.070 y per cc. of original blood. 
Pantothenic acid, when added to whole blood and determined with or 
OTthout protein precipitation, or when added to blood filtrates, could be 
quantitatively recovered. The low assay results with blood filtrates are 
therefore not due to adsorption of pantothenic acid. When unheated 
whole blood or plasma was added aseptically to tubes of sterile medium 
and then inoculated with Laclobacillvs casei, acid production indicated an 
amount of pantothenic acid corresponding to 0.030 to 0.050 y per cc. 
Assay of the blood or plasma after heat sterilization in the usual manner 
gave values of 0.15 to 0.30 y of pantothenic acid per cc. 

These results are believed to demonstrate the e.xistence in blood of 
pantothenic acid in at least two states. The major portion e.xists in a 
“combined” state and is precipitable by protein precipitants. When 
blood or plasma is assayed without heat treatment Lactobacillus casei e 

‘ Stanbery, S, R., Snell, E. K., and Spies, T. U., J. Biol. Chetn., 136, 353 (1910). 

’ Pennington, D., Snell, E. E,, and Williams, R. J., J. Biol. Chem., 136, 213 (1910). 

• Pearson, P. B., J. Biol. Chem., 140, 123 (1911). Strong. F. M., Feeney, R. E., 
and Earle, A., Ind. and Eng. Chem., Anal. Ed., 13, 566 (1911). 

* Pelczar, M. J., and Porter, J. R., Proc. Soc. Exp. Biol, and ilfcd., 47, 3 (1911). 
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Sample 

No. 

Material assayed 

llMl Ircalmcnl 

Pantothenic 
acid found j 

Recovery 
of added 
pantothenic 
acid 


1 


ypir cc. 

per cent 

1 

Whole blood 

Autoclaved 

0.20 


1 

Plasma 

II 



1 

Polin-Wu filtrate 


0.028* 


1 

Somogyi filtrate 


EHI 


2 

Whole blood j 

Autoclaved 

mEM 


2 

Folin-Wu filtrate 


0.070* 


2 

“ “ + added pantothenic 

acid (0.01 7 per cc. filtrate) 



no 

1 

2 

Whole blood + added pantothenic acid 



101 


(0.1 7 per cc. blood) followed by Folin- 
Wu pptn. 




3 

Whole blood 

Autoclaved 

0.23 


3 

Folin-Wu filtrate 


0.038* 


3 

Whole blood -1- added pantothenic acid 



107 

1 

(0.1 7 per cc. blood) followed by Folin- 
Wu pptn. at once 




3 

Same, but pptd. after 48 hrs. at room 



97 


temperature 




4 

Whole blood 

Autoclaved 

0.16 


4 

(i 

Unheated 

0.073 


4 

Folin-Wu filtrate 


0.066* 


5 

Plasma 

Autoclaved 

0.32 


5 

11 ^ 

j 

Unheated 

1 0.034 



* Calculated on the basis of the original blood. 


responds only to tlie “free” pantothenic acid present. Heat sterilization 
renders the “combined” pantothenic acid available to this organism. 

DepartvtctU of Biochemistry Lemuel. D. Wright 

School of Medicine 
TFcsi Virginia University 
M organtown 

Mcdical-Rcsearch Division 
Sharp avid Dohme, Inc. 

Glcnolden, Pennsylvania 

Received for publication, December 10, 1942 








PHOSPHORYLATED CARBOHYDRATE ESTERS 
IN AUTOTROPHIC BACTERIA 

Br G. A. LbPAGE and \V. W. UMBREIT 
(From the Department of Agricultural Bacteriology, University of Wisconsin, Madison) 

(Received for publication, October 29, 1942) 

Strictly autotrophic bacteria are microorganisms which grow only in the 
presence of a specific inorganic nutrient from the oxidation of which they ob- 
tain their energy and which are able to cover all of their carbon needs from 
COj; In most cases organic materials are not utilized and may be toxic. 
One representative of this group of organisms, Thiobacillus Ikiooxidans, 
oxidizes sulfur to sulfuric acid as its energy source and no material yet 
found can replace CO 2 as a source of carbon for groivth. This organism 
is further remarkable in that it wll only grow at a pH of below 6, and 
produces, during its growth, as much as 5 per cent sulfuric acid wthout 
detectable harm to its metabolism. It has recently been shown that cells 
of this organism were able to survive relatively long periods in the absence 
of oxidizable sulfur and that under these circumstances it possessed an 
organic metabolism resulting in the liberation of CO 2 (1). LePage (2) 
was able to demonstrate that during this “endogenous metabolism” a 
polysaccharide storage product was broken doivn and O’Kane (3), Vogler 
and Umbreit (4), and LePage (2) have provided evidence that phosphoryla- 
tion was somehow involved in this breakdown. It was therefore of con- 
siderable interest to determine whether this metabolism followed a pathway 
similar to that of yeast and muscle or whether a different, and perhaps 
more primitive, type of phosphorylating metabolism was involved. 

Two limitations are imposed upon studies of this organism. First, the 
difficulty of obtaining sufficient amounts of tissue for experiment neces- 
sitates the application of micromethods throughout. Second, the usual 
methods of study of bacterial metabolism are not applicable, since organic 
materials are not utilized by this organism; i.e., one cannot supply an ex- 
ternal source of glucose, for e.xample, and determine the fermentation prod- 
ucts. 

It was therefore necessary to modify existing methods for the determina- 
tion of the phosphorylated carbohydrate esters and to apply them on a 
micro scale. In the procedure employed most of the compounds are de- 
termined by at least two independent measurements. By application of 
this method it was possible to account for over 90 per cent of the acid- 
extractable phosphorus of the autotrophic cell in terms of known com- 
pounds whose identity is clearly established. The results showed that the 
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following compounds were present, in the extract of Tliiobacillus thiooxidans: 
adenosine triphosphate, fructose-1 ,G-diphosphatc, phosphoglyccric acid, 
fructosc-G-phosphatc, glucose-6-phosphatc, and glucose- 1 -phosphate. Pre- 
sumptive evidence is offered for the presence of coenzyme I. 

If it is granted that the presence of these compounds (which have been 
sjmthesizcd from CO 2 ) indicates that they function in the metabolism of 
the organism, then the autotrophic b.acteria, in spite of their unusual 
conditions of growth, have an internal met.abolism similar to, if not iden- 
tical with, the jrhosphorylating glycolyses found in yeast and muscle. This 
paper also contains evidence that these compounds do function in the 
metabolism, in that the relative amount of each material varies with the 
phj'siological condition of the cells. For purposes of brevity only one 
analysis is described but changes in the distributions under physiological 
conditions are noted when they occur. 


EXPERIMENTAL 

The methods consist essentially of an intermittent trichloroacetic acid 
extraction of the wet bacterial cells until no more phosiihorus is removed 
and a separation of the combined extracts into three rather well defined 
fractions. E.ach fraction is then analyzed for individual comiiounds known 
to occur in it; at least two characteristic properties of the compound to bo 
determined arc employed in an attempt to account for all of the phos- 
phorus in the fraction. A flow diagram of the method of obtaining the 
fractions is presented, together with the data obtained in the experiment 
described. This fractionation method is a combination and modification 
of those of Egglcton and Egglcton (5), Needham and van Hcyningen (G), 
O’Kane (3), and O’Kane and Umbreit (7). 

When applied to other organisms, the alkali treatment (which destroys a 
large part of the triose phosphate and plios])hopyruvic acid) is usually 
not necessary, but in Tliiobacillus thiooxidans it is not possible to extract 
any appreciable .amount of phosiihorus if this treatment is omitted. Ana- 
Ij'tical methods for various components of the fractions were modified and 
adapted to the Evelyn photoelectric colorimeter from the following 
methods: total and inorganic phosphorus based on that of Fiske and Sub- 
barow (8) and described in more detail by LePage (2), iiitrogcn after the 
method of Johnson (9), fructose after the method of Roe (10), pentose after 
the method of Mejbaum (11), phosphoglyceric acid after the method of 
Rapoport (12), phytic acid after the method of Rapoport ct al. (13), car- 
bazolc reactions after the method of Gurin and Hood (14), and reducing 
values after the method of Folin and Malmros (15). These methods were 
standardized with pure compounds when necessary, as described in the 
text. Hydrolysis curves were run in 1 n HCl at 100°, according to the 
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method of Lohmann (16). Cells from a 7 day culture were employed and 
were grown on an inorganic medium with sulfur as the sole energy source 
and harvested as described by Vogler (1). 


Method of Obtaining Organic Phosphorus Fractions 

2.35 gm. (dry weight) bacterial cells (0.235 gm. N, 47.5 mg. total P) in 15 ml., treated 
with 1.5 ml. 50% KOH for 5 minutes, neutralized with 100% trichloroacetic acid; 
2.5 ml. 100% trichloroacetic acid added to 25 ml.; extracted 12 hours, 0-5°; centri- 
fuge 

Extracts combined; made to 100 
ml.; contain 5.86 mg. inorganic 
P (12.3% of original); 32.84 mg. 
organic P (69.0% of original) 


Cell dfcbris extracted with 20 ml. 10% tri- 
chloroacetic acid, 12 hours, 0-5°; centrifuge 


Cell debris; repeat extraction 


Cell d6bris; repeat extraction 


Cell d6bris; repeat extract ion 

Cell dfebris contains 8.8 Extract contains 
mg. total P (18.7% of no P; discarded 
original); considered 
acid-insoluble 


Aliquot containing 28.05 mg. 
organic P and 5.0 mg. inorganic 
P; treated with 2.7 ml. 25% 
barium acetate and adjusted to 
pH 8.4 with NaOH. Let stand 
at 0°, 30 minutes; centrifuge 


Add slight excess HtSO<; cent rifuge 
BaSOi; wash; centrifuge 


BaS0<; discard 


Add barium acetate and 
NaOH, to pH 8.2; 0°, 30 
minutes; centrifuge 


Barium-insoluble fraction (/) 
(Redissolved and reprecipi- 
tated without removing any 
further P.) Ba removed 
with H:SO<, made to 75 ml. 
Contained 6.5 mg. organic P 
®.7% of original organic 
P); 3.38 mg. inorganic P 

Recoveries: organic P 94.7%; 
inorganic P 78.6%; low re- 
coveries of inorganic P due 
to adsorption on numerous 
BaSOi ppts. 


Combined extracts treated with 5 
volumes 95% ethanol; 3 hours, 
0-5°; centrifuge 


HjSO) to remove Ba; 
BaSO« washed and 
original and washings 
made to 150 ml. 
Barium-soluble alcohol- 
insoluble fraction {II) 
19.0 mg. organic P (67.6% 
of original organic P); 
0.545 mg. inorganic P 


Concentrated to small 
volume under vacuum, 
30-35°; Ba removed 

Barium-soluble alcohol- 
soluble fraction {III) 
0.965 mg. organic P 
(3.43% of original or- 
ganic P); 0.0 mg. in- 
organic P 


The compounds present in the fractions obtained as shown in the 
diagram were as follows: 

Barium-Insoluhle Fraction (I) — 75 ml., contained 85.4 y of organic 
P per ml. 

Adenosine Triphosphate {ATP) Hydrolysis — The hj^drolysis curve for 
the entire fraction is given in Fig. 1, Curve A. When the phosphorus 
released in 7 minutes was calculated as ATP (after Lohmann (16)), 88.9 
per cent of the organic phosphorus in this fraction was ATP. 
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Nitrogen — 57.0 y of nitrogen were found per ml. If this nitrogen wore 
all ATP, 88.8 per cent of the oiganic phosphoms in this fraction would be 
ATP. Proof that the only nitrogen compound jrresent was ATP was ob- 
tained as follows: Upon 7 minutes hydrolysis in 1 x IICl at 100° ATP 
breaks down to adenine, pentose pho.sphato, and adenylic acid (17), all 
of which are barium-soluble. The inorganic phosphorus, phosphoglyceric 
acid, and undccomposed hexose diphosphate can be removed by barium 
precipitation. The filtrate should then contain all of the nitrogen of the 
ATP but only 1 phosphorus, i.c. the N :P ratio should be 2.20; found 2.25; 
if corrected for hexose diphosphate breakdown (26.5 per cent in 7 minutes), 
the ratio found was 2.26. This jrrovidcs adcciuate proof that the nitrogen 
observed was present as ATP. It is of .some interest that the hydrolysis 



products of ATP are themselves fairly resistant to hydrolysis (in 1 x HCl 
at 100° for 1 hour 28.7 per cent was hydrolyzed ; in 2 hours, 50.7 ; in 3 hours, 
58.7 per cent). 

Pentose — 1 19.7 y of pentose were found per ml. If this pentose resided 
in the molecule of ATP, 87 per cent of the organic phosphorus of this 
fraction would be ATP. 

Hexose Diphosphate {Fructosc-l ,(}-diphosphale) Hydrolysis — The hexose 
diphosphate content of this fraction is too low to permit accurate calcula- 
tion of its content from the hydrol 3 'sis curves. 

Fructose — 5.32 y of fructose were found per ml. If this fructose resulted 
from the hexose diphosphate, 1.13 per cent of the organic phosphorus of 
this fraction is hexose diphosphate. 

Reducing Value — 1.13 per cent of the organic phosphorus of this fraction 
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'B’as calculated from the reducing value of 0.954 y of glucose activity per 
ml, as follows: AVith the Folin and Malmros method (15) of determining 
reducing values the labile phosphoru.s esters are not hydrolyzed, since 
the pH is alkaline and the heating time is short. Tests showed no reaction 
with pure ATP or with glucose-l-phosphate. The data on the reduction 
values of hexose diphosphate in the literature have been obtained by more 
drastic methods; it was therefore necessary to determine the reducing 
value of pure hexose diphosphate by this method. Purified hexose di- 
phosphate was obtained from the Schwartz Laboratories, Inc., New York, 
as the barium salt. After the removal of the barium, the ester should 
contain 18.22 per cent organic phosphorus; found 18.26 per cent. The 
hydrolj’sis curve in 1 n HCl at 100° is identical with that given in the 
literature (18). This pure hexose diphosphate gave a reduction value, 
with the Folin and Malmros method, 9.5 per cent that of glucose. 

Phosphoglyceric Acid Hydrolysis — The resistant phosphorus (3 hours 
hydrolysis) represents 19.1 per cent of the total organic phosphorus. In 
addition to the phosphoglj'ceric acids, however, it also contains the pentose 
phosphates from ATP. Data on their resistance (see ATP, above) in- 
dicate that they are 58.7 per cent hydrolyzed in 3 hours. This would 
account for 12.2 per cent of the organic phosphorus of this fraction, leaving 
7.2 per cent presumably due to the phosphoglyceric acids. 

Rapoport Method — ^Fortunately there is a rather specific and accurate 
method for the determination of phosphoglyceric acids (12). This method 
was mo(hfied, adapted to the photoelectric colorimeter, and standardized 
by the use of a sample of pure phosphoglyceric acid obtained from Profes- 
sor W. H. Peterson. Measurement of optical rotation indicated that 95 
per cent of this material was 3-phosphoglyceric acid. There were 46.4 
^f phosphoglyceric acid per ml. of the fraction determined by this method, 
represents 9.05 per cent of the organic phosphorus of the fraction. 
hysiological Variation — ^The organic phosphorus of this fraction (88.8 
per cent ATP, l.l per cent hexose diphosphate, 9.0 per cent phosphogly- 
^ satisfactorily accounted for by the three components 
s u ied (99.0 per cent). The fraction was also examined for phytic acid by 
ref Rapoport et al. (13) but none was found. These cells have a 

fOn ''rx ATP content and were very active in the oxidation of sulfur 
(191t 3590); i.e., they were physiologically “yoimg” cells (cf. A^ogler 

{21 tVi allowed to respire until the QOi (N) begins to drop 

), ere is a decrease in the amount of ATP and an increase in the amount 
hexose diphosphate. 

Afcohol-Jnsofuhfe Fraction {IT ) — 150 ml., contained 
1^9-2 7 of organic P per ml. 

-phosphate {Cori Ester) Hydrolysis — ^The hydrolysis curve for 



2G8 


I’HOSl’HOUYLATKD CAltnOIIYnitATI-: KSTKItS 


the entire fraction is given in Fig. 1 , Curve 0, in wliich it is apparent that 
acid-sensitive phosplioni.s is present. Tliis could arise fiom glucosc-1- 
phosphate, phosphojiyruvic acid, or unknown constituents. Phosphojiy- 
ruvic acid is probably not present bcc.ause of the alkali treatment given the 
cells. If the hydrol 3 ’sis at 7 minutes is calculated as glucosc-1 -phosphate, 
15.G5 per cent of the organic phosphorus is due to this material. This 
value is undoubtedl}’’ high, inasmuch as the other esters in this fraction, 
while more resistant to acid hydrolj'sis, arc .much in pi'cdominancc, and 
hence contribute to the easily hydroh'zablc phosphorus. 

Increase in Reducing Value — The reducing value of pure synthetic glu- 
cose-l-phosphate obtained as the potassium salt from Dr. S. P. Colowick 
(P content, calculated 9.2.3 jJcr cent; found 9.03) b.v the Folin and IMalmros 
method was 0 for the unhydrolyzed nuiterial and 00.4 jicr cent that of glucose 
after 7 minutes hj’drolj’sis (calculated upon t he basis of the salt of 98 per cent 
purity). Since glucose-O-phosphate and fruclosc-O-phosphatc are already 
reducing without hydrolysis, it would seem that a measiire of the 1-cster 
could be obtained by measurement of the increase in reducing value on 7 
minutes hydrolysis (20). The other esters contribute less than 1 per cent 
of the increased reducing value. If the increase in reducing value after 7 
minutes hydrolysis is calculated as glucose- l-phosi)hatc, 9.92 per cent of 
the organic phosphorus would be gluco.se- 1 -phosphate. 

Fructose-G-phospha(c {Neuberg Ester) — The total reducing value before 
hydrolysis was equivalent to 95.4 y of gluco.se per ml. Fructose, determined 
by the method of Roe (10), was equivalent to 107.8 y of fructose per nil. 
This method was standardized bj' the use of pure fructose-G-phosiihate 
(free acid, P calculated 11.9 per cent; found 11.92) obtained from hexose di- 
phosphate bj' acid hydrolysis, barium separation, and repented alcohol pre- 
cipitation of the barium salt. Pure fructose-G-phosphate has a reducing 
value of 31.05 per cent that of glucose when not hydrolyzed; hence the 
fructose found in this fraction is equivalent to 34.1 y of glucose per ml., or 
9.94 per eent of the organic phosphorus of this fraction. 

Glucosc-6-piiosphate (Robison Ester) — If the residual reducing value is 
due to glucose-G-phosphate, this ester constitutes 42.7 per cent of the or- 
ganic phosjihorus of this fraction. This is based upon the reducing value 
of pure glucose-G-phosphate (prepared as described below) of 13.2 per cent 
that of glucose. 

To obtain further evidence of the presence of the Neuberg and Robison 
esters, an aliquot of the fraction was subjected to 7 minutes hj'^drolj'sis to 
destroy the glucose-l-phosphatc, barium fractionation, and alcohol pre- 
cipitation of the barium filtrate. The phosphate from the glucose-l-phos- 
phate was removed in the barium precipitate, the glucose in the alcohol 
filtrate. The reducing value was found to be 98.5 per cent of the value 
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before this treatment; i.e., the initial reducing value ascribed to the 6-esters 
has remained essentially unchanged by this purification. 

Since glucose-6-phosphate seemed to constitute a large part of this 
fraction, it was isolated as follows: An aliquot of the fraction was hydro- 
lyzed in 1 N HCl at 100° for 12 hours. This destro 5 -s all of the glucose-1- 
phosphate and fructose-6-phosphate and most other esters (including pen- 
tose phosphates and coenzymes) together rvith 25 to 30 per cent of the glu- 
cose-6-phosphate. The hydrol 3 ’^sate was then fractionated with barium 
to remove the inorganic phosphorus and the remaining glucose-6-phosphate 
precipitated from the filtrate with 5 volumes of 95 per eent alcohol. Sev- 
eral alcohol precipitations were emploj'ed to purifj' this material, which 
then showed 30.0 y of organic phosphorus per ml., no inorganic phosphorus, 
and a reducing value equivalent to 35.5 y of glucose per ml. If the phos- 
phorus were all glucose-6-phosphate, the reducing value would be 13.3 
per cent that of glucose. Pure glucose-6-phosphate obtained in a like man- 
ner from a mixture of the monophosphates from yeast (P, calculated as 
glucose-6-phosphate, 11.9 per cent; found 11.83) showed a reducing value 
of 13.2 per cent. Thus the material isolated was glucose-6-phosphate. 
The amount of this ester actuallj' isolated was 27 per cent of that estimated 
to be present. 

Coenzyme I — So far onlj' 62.6 per cent of the organic phosphorus of the 
fraction has been accounted for by the three compounds determined. In 
view of the presence of mannose in the poh'saccharide storage product (2), 
it is of interest that the carbazole reaction of Gurin and Hood (14) indi- 
cated that the onlj' hexoses present were fructose and glucose. In these 
determinations it was noted that the absorption maximum was shifted, 
mdicating the presence of pentoses. -•Vccordinglj', pentose was estimated, 
showing 253 y of pentose per ml. It is also knomi that coenzjTOes I and 
II and adenylic acid (or its split-products) can occur in this fraction. The 
nitrogen content was found to be 80 y of nitrogen per ml. The pentose- 
nitrogen-organic phosphorus relation of this fraction (uith phosphorus 
unaccounted for as the phosphorus value) is 150:47.5:28.7, which points 
definitelj' to coenzj^e I (pentose-X-P; adenylic acid, 150:70:31; coenzj'me 
I, 150:49:31; coenzj’me II, 150:49:46.5). This possibilitj' was not 
stuched further. If the pentose content observed was due to coenzj’me I, 
40.5 per cent of the organic phosphorus of the fraction was accounted for 
bj' this material. 

Physiological Variation — If cells are allowed to respire without sulfur 
untU the QO, (X) on sulfur begins to drop, there is a tendencj’ for the 
glucose-l-phosphate to increase. In a sample in wliich the QO; (X) had 
dropped to 2295, 18.6 per cent of the alcohol-precipitable fraction was glu- 
cose-l-phosphate. It should also be noted tliat there is a greater quan- 
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tity of monophosjiliatcs in these phosphorus distributions than is generally 
found in 3’-east or muscle and that the quantities of the various esters arc 
not in strict equilibrium proportions. 

Barmm-Soliiblc, Alcohol-Sohtblc Fraction (III ) — This fraction, constitut- 
ing 3.43 per cent of the acid-e.\tractable organic phosphorus of the cell, 
could not be further fractionated because of the rclativclj' small amount 
of phosphorus and the presence of accumulated salts. The hj'drolysis 
curve (Fig. 1, Curve D) shows that most of the material was relatively 
resistant to acid hj'drolj'sis. 


Table I 


Chemical Composition of Phosphorus Compounds of Thiohacillus thiooxidans 


Fraction 

r found, per cent of total P In cella 


18.7 

Inorganic 

12.3 

Acid'Soluble organic 

69.0 


Fractions of ftcid^sotuble ofiranic P 



P found, per cent of 
fraction 

r found, per cent of total 
acid-soluble organic 

I. Barium-insoluble 


23.7 


Adenosine tripliospliato 

8S.8 


21.1 

Hexoso diphosphate 

1.1 


0.2 

Phosphoglycerie aeids 

9.0 


2.1 


99.0 



II. Barium-soluble, alcohol-insoluble 


G7.G 


Glucose-l-phosphato 

9.9 


8.7 

Glucose-G-phosphate 

42.7 


28.9 

Fructoso-G-phosphalc 

9.9 


8.7 

Coenzyme I 

40.5 


27.0 


103.0 



III. Barium-soluble, alcohol-soluble 




(not further fractionated) . . . 


3.4 


Recover}'' 

94.7 




SUMMAUV 

A summaiy of the fractionation of the phosphorus compounds described 
in the text for the autotrophic bacterium Thiobacillus thiooxidans is given 
in Table I. From this it is apparent that a large portion of the acid- 
extractable phosphorus is composed of phosphoiylatcd carbohj^drate esters 
identical in chemical properties with those of j'east and muscle. If it is 
granted that the presence of these compounds in an autotrophic cell 
(which has .sj'nthesized them from CO*, \ising encrg.v from the oxidation of 
sulfur) means that they plaj' an important role in the metabolism of this 
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Cell, it is possible to conclude that the internal metabolism of the auto- 
trophic cell is markedly similar to, if not identical with, heterotrophic 
tissues. 

This work was supported by the Wisconsin Alumni Research Founda- 
tion. The authors are greatly indebted to Lieutenant D. J. O’Kane, 
whose studies on this problem were terminated by the war, to Dr. S. P. 
Colowick for the glucose-l-phosphate, to Dr. W. H. Peterson for the phos- 
phoglyceric acid, and to Dr. V. R. Potter for the mixed monophosphate 
esters from yeast. 
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FRACTIONAL DISTILLATION OF UNSATURATED FATTY ACIDS 

II. THE EFFECT OF HEAT ON THE REARRANGEMENTS PRODUCED IN 
UNSATURATED FATTY ACID ESTERS* 

By FRANK A. NORRIS, t IRVING I. RUSOFF, ELMER S. MILLER, t and 
GEORGE O. BURR 

[From the Deparlmertl of Botany, University of Minnesota, Minneapolis) 

(Received for publication, October 26, 1942) 

In a previous publication (1) we have reported on the heat sensitivity 
of unsaturated fatty esters from cod liver oil as determined by chemical 
and spectroscopic methods. The present communication amplifies and 
extends this work to include the more common unsaturated fatty acids 
found in animal and vegetable fats. 

Throughout all this work the primary aim has been to obtain quantita- 
tive measurements of the amount of change produced in unsaturated esters 
as a result of the heating necessarily involved in their fractional distillation. 
Ihis is best done by noting the increase in absorption at certain wave- 
lengths, -2350 and 2700 A., known to be correlated with the appearance of 
two and three double bond conjugation respectively, since the develop- 
ment of conjugation is probably the most fundamental change involved. 

Measurements of increased light absorption are of little value, however, 
unless they can be compared to some upper limit of absorption. In the 
past this has been done by comparing the specific extinction coefficients 
of ester fractions and residues with those of pure conjugated fatty acids 
containing an equal number of double bonds. Such a comparison is 
likely to be misleading, since it has not been shown to date that heat 
treatment will cause conjugation of all of the double bonds in an 3 ’^ given 
unsaturated ester. Rather, it appears that onlj"^ a relatively small amount 
of conjugation can be produced before polj'merization reactions remove 
conjugated material as fast as it is formed. It is necessarj’^, therefore, to 
determine the maximum amount of conjugation attainable under specified 
heating conditions. A measured conjugation of 5 per cent in the pot 
liquid midwaj' through a fractional distillation, for example, maj’ take on 
a new significance if it is found that onlj' a 10 per cent conjugation can be 
produced bj' the most strenuous heating conditions. For this reason, we 
have studied the effect of time and temperature on the development of 

^ Presented in part before the Biological Division at the One-hundred-first meet- 
ing of the American Chemical Society at St. Louis. 

t Present address. General Mills, Inc., Research Laboratories, Minneapolis. 

I Deceased. 
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conjugation in unsaturated esters of cod liver oil; and although, as was 
expected, complete conjugation could not be obtained, the results furnish 
additional information concerning the mechanism of pol 3 'mcrization, and 
lend further credence to Scheiber’s conjugation hypothesis (2), 

In the experimental part which follows the cfTcct of heat on highlj' un- 
saturated esters of fatt^-' acids, such as arc prepared from cod liver oil, is 
taken up first. This is followed by data on the less unsaturated esters of 
fatty acids prepared from linseed oil and linolenic acid. 

EXPEniMEN'TAL 

Preparation of Unsaturalcd Methyl Esters of Cod Liver Oil — The esters 
(iodine number 179) used for the heating experiments at 150° and 250° 
were prepared from cod liver oil acids largelj" freed of solid acids bj" cooling 
a 10 per cent solution in acetone to —20° and discarding the precipitate. 
Esters of iodine number 17G, similarly' prepared, were used for the heating 
experiment at 200°. Details of these preparations mav be found in 
Paper I (1). 

Heat Trcatmctit of Unsaturated Esters of Cod Liver Oil — These esters 
were heated at 150°, 200°, and 250° in the following way: A suitable 
quantity of the esters was placed in a 2-ncckcd flask equipped with a gas 
inlet tube attached at the bottom. Nitrogen was continually forced 
through the solution and out the long condenser tube in the side neck. 
The central neck contained a thermometer whose bulb was completely 
immersed in the esters. Heating of the flask was effected bj' means of an 
air bath constructed so as to maintain anj' given temperature within ±3°. 
'\ATien a sample was to be removed for analj'sis, nitrogen was forced down 
the condenser tube until part of the esters w'as forced down the gas tube 
and up into a small vial. IVlien the sample was removed, the nitrogen 
stream was reversed and the gas once more entered the solution through 
the bottom inlet of the flask. 

Fig. 1 summarizes the data on the iodine numbers obtained on the esters 
heated at the three temperatures. 

It is seen that more than 7 hours are necessarj'^ before there is anj>- de- 
crease in iodine number in the esters heated at 150° or 200°. At 250°, 
however, the iodine number drops over 20 units within HI houi’s. Also, 
25 hours heating at 150° results in onlj' a 4 unit decrease; a similar time 
at 200° jdelds approximately a 12 unit decrease, and at 250° a 62 unit 
\ decrease. Saponification equivalents determined on the esters heated at 
250° were found to increase graduall 3 ' with time, reaching a maximum at 
68 hours after a 14 unit increase. 

Since the esters heated for 68 hours at 250° appeared to be rather ex- 
tensively polymerized, they were distilled at 1 mm. from a Claisen flask. 
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The bath temperature was allowed to reach 240° at the end, but approxi- 
mately one-third of the total esters remained as a dark and viscous residue. 
Iodine values and saponification equivalents of the distillates increased 



Fjc. 1. Effect of time Jincl temperature on the iodine numberB of unsaturated 
esters of cod liver oil. 


Table I 


Distilled Esters of Cod Liver Oil Previously Maintained at 250° for 68 Hours 


Ftaclioa So. 

B.p. ntngc 

lodme Ko. 
(W)is-Hg(OAc)* (3)) 

SapQnificatioQ 

eqtiwaltnl 

1 i 

•c. 

137-147 

i 

81.2 1 

276.4 

2 

153 ! 

93.2 

299.4 

3 

155-160 ! 

105.3 

320.6 

4 

160-174 

124.5 

343.7 

5 

178-200 

128.2 

382.4 

Residue 

Xon-distiUable 

137.2 

366.0 


with the boiling point, as shown in Table I. It is noteworthy that a 
considerable amount of Fraction 5, possessing a saponification equivalent 
indicative of more than a 24-carbon ester, was obtained. In view of 
Hilditch’s data showing that there is less than 1 per cent of 24-carbon acids 
in cod liver oil, the high saponification equivalent might be accounted for 
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by assuming the fraction to contain volatile methyl c.ster polymers such 
as described by Bradley and Johnston (J). The iodine value of the residue 
is subject to errors arising from substitution reactions (5). We have ob- 
served this before on other polymerized oils. 

Spectroscopic data on the esters heated at the three temperatures are 
presented in Fig. 2. Here onl^' the maxima at 2350 and 2700 A. are given 
in order to conserve space. Absorption at 2350 A. is usually taken as a 
measure of two double bond conjugation, and absorption at 2700 A. as 
a measure of three double bond conjugation. 



Fia. 2. Effect of time nnd temperature on tlic absorption cocfRcients of unsatu- 
ratod esters of cod liver oil. 

It is seen that heating at 150° produces no measurable increase in ab- 
sorption within 25 hours, whereas heating at 200° causes detectable in- 
crease in absorption within 6 hours. In both cases, however, the amount 
of conjugation calculated from the absorption data is negligible. At 250° 
there is a distinct increase in absorption even after 1,1- hours heating time, 
and after about 5 hours this absorption begins to decrease, indicating the 
removal of absorbing material. This is in agreement with the recent 
findings of Bradley and Johnston (4) which are advanced as additional 
evidence for Scheiber’s hypothesis that fatty acids conjugate before poly- 
merizing. 

As a more critical test of the Scheiber hypothesis, unsaturated esters of 
cod liver oil were subjected to prolonged heating at 250° and absorption 
curves run on the residue remaining after' removal of the unpolymerized 
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material by high vacuum distillation. As was expected, prolonged heat 
treatment produced a polymerized residue which possessed a high general 
absorption but lacked any of the maxima characteristic of conjugated 
double bonds. This absorption, then, would appear to be the general 
ab.soz'ption common to cyclized molecules, and the decreased conjugate 
absorption accompanying polymerization must represent the deconjugation 
process by which polymerization is effected. 

Preparation and Distillation of Unsaliiraled UPetliyl Esters of Linseed Oil 
— ^IJnsaturated acids of linseed oil prepared b 3 " cooling a 10 per cent solu- 
tion of the total acids in acetone to —40° were csterified, yielding unsaturated 
esters of iodine number 189.0. These esters were distilled through a 
packed fractionating column (1). Chemical and phj'sical constants deter- 
mined on the original esters and on the distillates and residue are recorded 
in Table II. 

The onty absorption maxima observed were at 2350 A., and here ab- 
sorption maj' be considered negligible except in the residue. In the case 
of the latter the low iodine number and high absorption would appear to 
indicate rather extensive chemical changes. A comparable distillation of 
methyl linolenate, however, jdelds a residue with much less absorption, 
thus leaving unexplained the apparentlj' anomalous behavior of the residue 
from the linseed oil esters. 

From the lack of any absorption maxima at 2700 A. we must conclude 
that the linolenic acid of linseed oil is either entirelj' unchanged as a result 
of the heat treatment or else, and more likely, only one double bond shifts, 
producing a doubly conjugated sj^stem. 

To obtain some idea of the total amount of conjugation produced in 
the distillation of the linseed oil esters the weight of each fraction was 
multiplied bj' the EYixn. of that fraction and the total of the resulting "ab- 
sorption indices” compared with the absorption index of the original esters. 
Thus, it was found that approximatelj' a one-third increase in total ab- 
sorption resulted from the distillation. Since the original absorption was 
very low, this increase is negligible. 

Preparation and Fractional DisliHation of Methyl Linolenate — ^Tlie ester 
was prepared by the debromination of hcxabromostearic acid (m.p. 181°) 
according to the method of Kimura (6), and the isolated ester was used 
for fractional distillation without anj' further purification. The chemical 
and physical constants obtained are recorded in Table III. 

A comparison of the absorption indices reveals no increase in total 
absorption due to distillation, although the fractionating effect of the 
column is illustrated bj" the concentration of absorptive material in the 
residue and highest boiling fractions. 
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The lack of any absorption maxima at 2700 A. may be taken as proof 
that only one of the double boncl.s in methyl linolcnatc shifts so as to 
produce a doubly but not a triplj' conjuRated system. It is also note- 

Tahi.k II 


Chemical and Physical Constants of Unsalnratcd Linseed Methyl Kstcr Fractions 


Kraclion No. 

Hcatinf: 

time 

Il.p, at 

1 mm. 

Iodine Ko. 
(Wijj. 

llK- 

(OAc).) 

Saponifi- 

cation 

equivalent 

Weipht of 
fraction 

1 cm; 
at 2350 A. 

Absorption 
index* at 
2350 A. 


win. 

•c. 

■■ 





Original esters 





125.4 


090.0 

1 

04 

149-150 

IBl 

284.0 

1.732 


8.7 

2 


150-157 

mm 

287.0 

22.872 


80.2 

3 

HeH 

157 

■gii 

288.4 

24.972 


109.8 

4 

mm 

15S 

192.0 

287.3 

20.302 

5.1 

134.2 

5 

mm 

15S-159 

190.3 

287.0 

28.301 

7.0 

215.0 

6 

300 

159 

190.5 

289.2 

14.415 

16.2 

219.3 

7 (Residue) 



143.9 


1.901 

80.6 

109.5 

Total 

120.555 


930.7 


* Absorption index = fraction X wciglil of fraction. 


Table III 


Physical and Chemical Constants of Methyl Linolcnatc Fractions 


Fraction No. 

Heating 

time 

B.p. at 

1 mm. 

Iodine No. 
OVijs- 
Hg- 
(OAc).) 

Saponifi- 

cation 

equivalent 



Absorption 
indez.at 
2350 A. 


win. 

•c. 



Sm. 



Original esters 





21.098 

5.0 

105.5 

1 

73 


250.2 


0.702 

3.1 

2.2 

2 

88 

151-152 



2.070 

2.7 

7.2 

3 

108 

151-162 

HI 

289.2 

2.744 

2.9 

8.0 

4 

148 

151 

258.0 

290.1 

7.094 

3.8 

29.3 

5 

193 


258.2 

289.0 

4.327 

5.0 

24.1 

0 

200 




0.972 

7.3 

7.1 

7 (Residue) 





0.474 

30.0 

14.2 

Total 

19.598 


92.1 


worthy that in this case the absorption of the residue is much less than that 
of the linseed ester residue, as pointed out earlier. 

Fractions 3, 4, and 5 possessed an iodine number approximately 99.1 per 
cent of theoretical as well as a saponification equivalent 99.1 per cent of 
theoretical, and data from other similar distillations reveal fractions of 
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tbeoretical saponification equivalent with iodine numbers over 99.1 per cent 
of theoretical. This is contradictors' to McCutcheon’s recent report (7) 
that methj'l linolenate has an iodine number onty 98.8 per cent of theo- 
retical. 


DISCUSSION 

When unsaturated fattj' acids or their derivatives are heated, there is 
some rearrangement of isolated to conjugated double bonds, the extent 
of which depends upon the degree of unsaturation of the fatty acid moiety 
as well as the time and temperature involved. Apparently all of the double 
bonds are not equally affected, since spectroscopic observations on heat- 
treated highly unsaturated acids from cod liver oil indicate only three 
double bond conjugation and purified methyl linolenate only the two double 
bond type. 

Conjugation is only one step in the polj'merization process, however. 
The highly reactive, conjugated double bonds undergo further change, 
probably by a Diels-Alder type reaction, to produce polymers devoid of 
conjugation. Added reagents and the natui'e as well as the presence or 
absence of solvent are probably important in this connection, since 
apparently a much greater concentration of conjugated material can 
be produced by high temperature saponification than bj’ heating alone at 
the same temperature (8). 

It follows, then, that a measurement of the amount of conjugation in a 
thermally polymerized oil can reveal only the concentration of conjugated 
material existing at the time of measurement without giving anj' hint as 
to the amount of material which may have passed beyond the conjugation 
stage. In the ordinary vacuum fractional distillation, of course, the quan- 
tity of residue left in the pot probably represents the maximum amount 
of material that may be polymerized, since it alone is non-volatile. Pro- 
longed heating at high temperatures (300°), however, may produce volatile 
polymers in some cases (4). 

Scheiber’s theory (2) that isomerization of non-conjugated to conjugated 
double bonds is a prerequisite for heat polymerization is thus seen to be 
entirely consistent with recent experimental work. It accounts for the 
spectroscopic observation of conjugation, the increased refractive index, the 
splitting of iodine from Wijs solution, and the ability of heat-treated un- 
saturated fatty acids to add maleic anhydride under the conditions of the 
diene number determination. Furthermore, it is consistent with our 
observation that iodine numbers determined with 0.4 n Hanus solution 
(reported to react quantitatively with conjugated double bonds (9)) de- 
cre^e more slowly than those determined with the standard Hanus solution 
which reacts incompletely with conjugated double bonds. 
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SUMMAIIY 

Fatty acids containing uj) to tlircc double bonds arc fairly resistant to 
the heat treatment involved in a vacuum fractional distillation. The more 
unsaturated types arc lc.ss resistant to heat, the effect varying with time and 
temperature. 

Only two double bond conjugation was observed in heat-treated methyl 
linolcnatc, and only three double bond conjugation in the more unsaturated 
esters of cod liver oil. 

As thermal polj'mcrization proceeds, conjugation first increases and then 
diminishes, the decrease paralleling the increased polymerization observed. 
Pob'mers freed from all but traces of monomers e.vhibit onl^' general ab- 
sorption, probably resulting from cj’clization. This is in agreement with 
Scheiber’s hypothesis that polymerization occui-s through some deconjuga- 
tion process. 
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In our studies on the effect of a toxic fraction, obtained from Salmonella 
enleritidis (1), on the blood sugar level of mice, we were faced vdth the 
problem of determining the blood sugar in as little as 0.01 ml. of blood. 
A survey of the literature showed that many excellent methods were avail- 
able for the determination of glucose with 0.1 ml. of blood, but with the 
minimal quantities of blood which were at our disposal only the method of 
Kirk (2) was available. At that time it was felt that the special equipment 
and technique required for this method made it undesirable for our pur- 
pose. A study was therefore undertaken to develop a method which would 
permit the quantitative estimation of glucose in as little as 0.01 ml. of blood, 
with only the equipment generally found in a biochemical laboratory. 

In recent years various modifications of the Folin and Malmros (3) 
colorimetric method for the estimation of glucose in blood have been pub- 
lished (4-7). We have carefully investigated this method, hoping to adapt 
it to the quantity of blood available in our studies. The results obtained, 
however, were not reproducible from day to day. This is in agreement 
with the findings of Saifer el al. (4) and of lUendshoj and Hubbard (5). 
These authors did obtain reproducible results, however, when sodium 
cyanide was omitted from the alkaline ferricyanide reagent and Duponol 
was substituted for gum ghatti as the stabilizer of the Prussian blue. 
Jeghers and Myers (6) as well as Reinecke (7), on the other hand, report 
good reproducibility, using sodium cyanide as well as gum ghatti in their 
respective methods, which also are adaptations of the Folin and Malmros 
method to smaller amounts of blood. 

The potentiomctric method for the estimation of glucose was first 
demonstrated by Shaffer in 1929 (8). The same method was used in- 
dependently by Wood (9) in a physicochemical study of the reducing action 
of glucose. The theoretical aspects and the technique of this method are 
adequately discussed by Wood (9) and by Shaffer and Williams (10) and 
for that reason will not be repeated here. Suffice it to say that the ad- 
vantages of this method make it a very useful tool in studjdng the reaction 
between alkaline ferricyanide and glucose but the disadvantages of this 
method limit its usefulness as a method for routine blood sugar deter- 

2S1 
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minations. In the present study repculccl use was made of the potentio- 
metric method, particularly in investigatinp; the cITect of cyanide upon the 
reduction of ferricyanide by glucose. 

'\^^lcn the amount of ferricyanide reduced by glucose in blood sugar de- 
terminations is estimated by litration, it is cither done indirectly as in the 
Hagedorn and Jensen method (11) or directly as in the cerimctric ferri- 
cyanide methods of Miller and Van Slyke (12) and of Heck, Brown, and 
Kirk (2). Of the two types of methods the latter seemed to be more 
adaptable to small amounts of glucose than the former, because it permitted 
the use of relatively high concentrations of ferricyanide in the reagent. 
This is highly desirable, since not. only is the range of glucose concentra- 
tions increased over which the reagent will give a linear response, but the 
sensitivity of the reagent also is incrca.scd (9). Furthermore, the well 
known properties of ceric .sulfate make it a particularly useful reagent for 
cariying out oxidations in very dilute solutions. 

In cerimctric titrations the end-point is usually detected by the use of an 
oxidimetric indicator; thus Heck cl al. use o-phenanthroline, and Miller 
and Van Slyke use sotopalinc C, as indicator. Where applicable, the use 
of an oxidimetric indicator is the most convenient method of detecting the 
equivalence point. When one is working with extremely dilute solutions 
of ferrocyanidc in the presence of relatively high concentrations of highly 
colored ferricyanide, how'ever, the addition of a quantity of indicator 
sufficient to produce a noticeable color maj' introduce a significant indi- 
cator error, and, at best, an undesirably large blank. It is not necessary, 
however, to use a chemical indictitor in oxidimetric titrations. The equiv- 
alence point can be determined in several other waj's. Among these the 
classical potentiometric titration method gives very accurate results, but 
unfortunately the time required to carry out a single determination is so 
long as to make the method unsuitable for use in routine glucose deter- 
minations. The elegant differential titration method of Macinnes and 
Jones (13) did not \vork satisfactorilj’- in our hands with the cxtremelj" 
dilute solutions which were encountered. Muller’s method of titration 
to the equivalence point (14), on the other hand, proved to be quite satis- 
factory. It is the purpose of this report to outline the points concerning 
the application of this method to the quantitative estimation of as small 
amounts of glucose as one -would find in 0.01 ml. of blood. 

When a solution, containing both ferricyanide and ferroej’-anide in con- 
centrations w'hich -will be encountered in a blood sugar determination, is 
titrated electrometrically wdth ceric sulfate and the e.m.f. is plotted against 
the ml. of ceric sulfate added, a curve such as Curve 1, Fig. 1, is obtained. 
In Curve 2, Fig. 1, the same data are plotted -with ml. of ceric sulfate added 
as abscissa and the quotient, change in e.m.f. per 0.01 ml. of ceric sulfate 
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added, as ordinate. The equivalence point is at the peak of the curve, 
where the quotient is largest. 

Since in routine titrations one is solely concerned with finding the equiv- 
alence point, the actual potentials during the titration being of secondary 
value, Muller (14) has modified the titration in the follovdng manner, "nie 
potential of the equivalence point for the particular oxidimetric titration 
having been determined empirically, an e.m.f. equal to this potential is 
switched into the circuit. TTie titrating reagent is added in small incre- 



nl. ccnic SULFATE «XIO'4l( 

Fic. 1. Fotentiometric titration of 1 ml. of K,Fe{CN)t, approximately S X 10~‘ 
M, in the presence of K,Fe(CN)i, approximately 2.5 X 10"* m, with Ce(SOi)i, 8-48 
X 10"' M. Curve 1 shows the change of e.m.f. in the critical part of the titration. 
Curve 2 shows the change in the quotient e.m.f. per 0.01 ml. of CefSO,)? added during 
the same part of the titration. 

ments and after each addition the circuit is momentarily closed by means 
of the usual tap kej'. When after the addition of a small amount of the 
titrating agent the galvanometer no longer shows any deflection, the end- 
point of the titration has been reached, for now the potential of the cell is 
equal to that of the equivalence point of the system. By means of this 
simple modification the tedious balancing of the circuit is dispensed with, 
a.s is the time-consuming plotting of results. 

Objections have been raised against the Muller method of titrating to 
the equivalence point (14). Thus it is pointed out that polarization of the 
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electrode may occur during the titration. If, however, n .sufficiently high 
resistance is placed in series with the galvanometer or if a well constructed 
vacuum tube, null point instrument is used, there is no need for polarization 
to occur. Another objection which has been raised against this method is 
that often the potential docs not become constant imincdiatclj' after the 
addition of the titrating agent. It was found, liowcvcr, during hundreds 
of titrations of ferrocyanidc with eerie sulfate tluit the potential hccame 
constant instantly, except in the immediate proximity of the equivalence 
point, '\^^ulc these objections maj' influence the results when the highest 
precision is to be desired, it is doubtful whether thc\' influence the results 
of blood sugar determinations significantly, since other unavoidable errors 
will be considerably larger. 


EXPERIMENTAL 

Reagents — 

Potassium ferricyanidc solution. Dissolve 0.S231 gm. of potassium 
ferricyanidc of highest puritj' in water and dilute to 500 ml. If stored in 
brown glass-stoppered bottles, it will keep for at least a week. 

Sodium carbonate-chloride solution. Dissolve 17.5 gm. of sodium 
chloride and 31.8 gm. of anh 3 -drous sodium carbonate in water and dilute 
to 500 ml. For use, mix equal volumes of the ferricyanidc solution and the 
sodium carbonate-chloride solution. This alkaline ferriej-anide reagent 
should not be kept longer than a dajL 

Ceric sulfate solutions. 6.0 gm, of anhj'drous Cc(HSO.t )4 arc tlissolvcd 
in 0.5 N sulfuric acid to make 500 ml. The solution is accuratcl.v stand- 
ardized and diluted to a 0.02 n solution. If kept in a glass-stoppered bot- 
tle, it will keep its titer for at least 3 months. 

For use, dilute 2.0 ml. of the above stock solution and 4 ml. of 1 : 1 sul- 
furic acid to 100 ml. The resulting solution will be 4.0 X 10“^ n in ceric 
sulfate. It should be prepared fresh twice a daj'. 

Copper sulfate solutions. Prepare a stock solution by dissolving 0.70 
gm. of CuS04 -51120 in water and diluting to 100 ml. For use, dilute 5 ml. 
of the stock solution to 100 ml. with water. 

Sodium tungstate solutions. Prepare a stock solution b.y dissolving 
10 gm. of Na 2 W 04 -21120 in water and diluting to 100 ml. For use, dilute 
2 ml. of the stock solution to 100 ml, with water. 

Procedure 

Deproieinization — ^The proteins can be removed from whole blood b.v 
means of tungstic acid, as described bj'^ Reinecke (7), 2.5 ml. of the dilute 
tungstic acid and 0.01 ml. of blood being used. The method of Shaffer 
and Williams (10) may also be employed, again half quantities of both 
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blood and precipitants being used. An adaptation of the Somogyi copper 
sulfate and sodium tungstate method (15) was found to be quite suitable. 

Place 2 ml. of the dilute copper sulfate solution in a centrifuge tube. 
The blood, measured in a capillary pipette, calibrated to contain 0.01 ml., 
is added to the copper sulfate solution, and the pipette rinsed several times 
by drawing the solution into the pipette and blowing it out again. Next 
0.5 ml. of the dilute tungstic acid solution is added. The contents of the 
tube are well mixed and then centrifuged. 

In thin walled shell vials, 70 X 21 mm., place 2 ml. of the “filtrate” or 1 
ml. of the “filtrate” and 1 ml. of water. To each vial add 1 ml. of the alkaline 
ferricyanide reagent. Mix the contents of the vial thoroughly and close 
the mouth of the vial with a glass bulb or marble. At the same time a 
number of blanks are prepared by substituting water for the “filtrate.” All 
vials are placed in a wire basket and spaced about i inch apart. The 
basket is then placed in a vigorously boiling water bath for 10 minutes. At 
the end of the heating period the vials are placed in a container of cold tap 
water for about 3 to 5 minutes. Then 1 ml. of 15 per cent sulfuric acid is 
added to each vial. 

The vial is clamped in a titration stand and a platinum electrode, a 
motor-driven glass stirring rod, the modified tip of a 2 ml. Koch micro 
burette (16), and the side arm of a saturated calomel half cell are introduced 
into the vial. Wires lead from the cell to the usual potentiometer-gal- 
vanometer hook-up with the exception that a S.P.S.T. switch is placed in 
scries with the galvanometer. A 0.3 megohm resistance is shunted across 
the terminals of the switch, so that if it is throrvn into the “off” position 
the resistance is in series with the galvanometer. By throwing it into the 
“on” position the resistance is removed from the circuit. The latter posi- 
tion is used only in the close prosmity of the equivalence point. The type 
of instruments actually used was a type K Leeds and Northrup poten- 
tiometer and the familiar enclosed lamp and scale type galvanometer. 
These instruments were used simply because they were available; other 
types of instruments may work as well and some will work more satisfac- 
torily. The sole purpose of the potentiometer is to furnish a current of 
0.7 volt, the potential of the sj'stem at the equivalence point. Any other 
source of an e.m.f. which uill furnish this potential can replace the poten- 
tiometer. 

The titration is carried out in the following manner. The stirrer is 
started and a small increment of the dilute ceric sulfate is allowed to run 
into the solution in the vial. The tap key is momentarily depressed and 
the magnitude of the deflection of the galvanometer noted. With very 
little practice one is able to judge from this deflection whether or not the 
next increment of ceric sulfate should be larger or smaller than the first. 
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of Dffihrinntftl Href Illoo'l hy I'rtipmifd Method 
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I 

MeshM of 

Dlnod 

su.:Ar 

frreen! 

III. 9 
101.0 
7S.S 
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[ tungstate 

I’roposed 
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Proposed 

I'olin-Wii 

Proposed 
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ffr eeni 

nt. 

ftt <tnl 

1 
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•1 

1 

[ Copper sulfate-sodium i 
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100 
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143.0 


[ tungstate i 
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•11.6 


144.0 





•12. 6 
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•11.2 


140.0 





•13.2 


139.2 
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•13.0 

■Ml 

142.1 


6 

Copper sulfate-sodium 

Proposed 

7-1.8 


269.0 

275.7 


tungstate 


74.0 


269.0 





77.0 


269.0 




1 

76.2 


268.2 


Average 

75.7 


268.8 


6 

Copper sulfate-sodium 

Proposed 

78.5 

120.7 


199.3 


tungstate 

1 

78.1 


197.0 





78.5 

1 

197.2 





79.3 


199.0 





78.5 


197.0 


Average 

78.6 


197.8 


7t 

Copper sulfate 

1 Proposed 

79.4 

120.7 

IPI 

199.5 




79.4 


IBIi 





78.2 






1 

78.8 







78.4 


197.0 


Average 


78.8 


197.6 

1 









* The values given represent the averages of six determinations, 
t The samples of Blood 7 were the corresponding parts of Blood 6 which had been 
kept in the freezing compartment of the refrigerator for 18 hours. 
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The titration is thus continued by adding small amounts of reagent and 
tapping the key after each addition. At the equivalence point the gal- 
vanometer will show no deflection or a slight deflection in the opposite di- 
rection. 

The blanks are titrated in exactly the same manner, except that the 
first increment of ceric sulfate added should be quite small. Subtracting 
the average blank titration from the titration of the sample wall give the 
net titration from which the amount of glucose present in the sample can 
be calculated. The results obtained with various samples of blood are 
listed in Table I. 

Calculations— -I ml. of 4 X 10-< n Ce(S04): == (4 X 10-’)/A: equivalents 
of glucose or =s (7.2 X 10“*)/ A mg. of glucose in the sample titrated. If 
0.01 ml. of blood is diluted to 2.5 ml. (actually 2.51 ml.) in removing the 
proteins and 2.0 ml. of the filtrate are used in the determination, then this 
will represent 0.8 of the 0.01 ml. of blood jtherefore, theburette reading minus 
the blank X 900/A = mg. per cent of glucose. If only 1.0 ml. of filtrate is 
used in the determination, the formula becomes the burette reading minus 
the blank X 1800/A = mg. per cent of glucose. A is the glucose equiv- 
alent of the alkaline ferricyanide reagent. In this laboratory the value 
for A for the reagent given in this report w'as found to be 4.82, wth a stand- 
ard error of 0.104. 


DISCUSSION 

In selection of an alkaline ferricyanide reagent of suitable properties the 
studies of Van Slyke and Hawkins (17), Shaffer and Williams (10), and 
Wood (9) proved to be of great value. In agreement with these authors 
it was found that decreasing the alkalinity of the reagent increased the 
sensitivity; that is, increased the value for the glucose equivalent, but de- 
creased alkalinity also increased the time required for the oxidation of the 
glucose to reach completion. The results obtained -with three different 
reagents of varying alkalinity but constant ferricyanide content are shown 
in Fig. 2 to illustrate this point. 

It will be noticed that in the case of Reagent 1 the reaction is completed 
within 3 minutes and the glucose equivalent, although the lowest for the 
three reagents, remains constant even with prolonged heating. The glu- 
cose equivalent of Reagent 2 is higher than that of Reagent 1, but the 
reagent reacts much more slowiy. Heating for about 10 minutes is re- 
quired before the glucose equivalent becomes constant. Reagent 3 is the 
most sensitive reagent, but it also reacts most slowly*. VThen these re- 
sults are evaluated, it should be borne in mind that they were obtained with 
relatively low concentrations of glucose, 4 y per ml. If the concentration 
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is increased, the reaction will he slowed up in all cases. This fact, often 
neglected by investigators, has been .stre.ssed by Wood (9). It is of par- 
ticular importance in work with reagents of low alkalinity. 



Fio. 2. Time curves sliott'iiiK tlio effect of varying the alkalinity upon the glucose 
equivalent of fcrricyanidc reagents. Ileagcnt 1, Na-COj (0.3 m), KaCl (0.3 m); 
Reagent 2, Na-COj (0.4 m), NallCOj (0.2 m); Reagent 3, Xa-COj (0.3 m), NallCOi 
(0.3 Ji). The potassium fcrricyanidc concentration in all three reagents was 2.5 X 
10”’ M. In all cases 2 ml. of a glucose solution, containing 4 y of glucose per ml., and 
1 ml. of the alkaline fcrric3'anido solutions were used. 



Fig. 3. Effect of varying the glucose concentration upon the alkaline forriej’anide 
reagent, expressed in terms of ml. of ceric sulfate used to titrate the fcrrocyanide 
formed. The heating time in all cases was S minutes. If 2 ml. of a 1:250 blood fil- 
trate are used, 4 7 of glucose per ml. correspond to a blood sugar value of 100 mg. 
per cent. 

In order to determine the response of Reagent 1 to higher concentrations 
of glucose, varying amounts of glucose were heated with the reagent for a 
fixed period of 8 minutes. The results, as plotted in Fig. 3, show that under 
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tbese conditions the reagent gave a linear response with amounts of glucose 
as high as 48 7 (higher concentrations of glucose were not tried). For 
routine analyses a heating time of 10 minutes was chosen to be quite 
certain that the oxidation of glucose is complete, even with the highest con- 
centration of glucose which one might reasonably expect. In view of the 
fact that with Reagent 1 the heating period can be extended to 20 minutes, 
as shown in Fig. 2, without affecting the glucose equivalence factor, the 
choice of a 10 minute heating period for routine analyses is justified. 

In a recent publication Reinecke (7) has described the use of an alkaline 
ferricyanide reagent containing sodium cyanide for the determination of 
glucose in very small amounts of blood. Wood (9) has investigated the 
effect of cyanide upon the oxidation of glucose bj' ferricyanide and found 
that the addition of cyanide increases the glucose equivalent of the reagent 
and that this increase in reducing action shown by glucose is not sho\vn by 
non-glucose reducing substances found in tungstic acid filtrates. Yet he 
cautions against the use of cyanide in an alkaline ferricyanide reagent until 
further studies have been made, because in the presence of cyanide the 
glucose equivalent of an alkaline ferricyanide reagent varies with the ratio 
of the cyanide to glucose concentration. Saifer el al. (4) also have inves- 
tigated the use of cyanide in alkaline ferricyanide reagents for the determi- 
nation of blood sugars. They found that the inclusion of cyanide in the 
reagent affected the reproducibility of the results. 

In the present investigation the effect of cyanide upon the glucose equiv- 
alent was also studied, the potentiometric method of Shaffer and Williams 
(10) being used. When reagents of the same composition and the same 
concentration as those employed by Wood (9) were used, his results were 
confirmed in all respects. However, when much lower concentrations of 
alkaline ferricyanide and correspondingly lower concentrations of glucose 
and cyanide were used, it was found that the addition of cyanide did not 
change the glucose equivalent of the reagent, even when the ratio of moles 
of cyanide to moles of glucose w'as 10, a ratio which gave the maximum 
increase with the more concentrated reagents. When the amount of 
ferroc 5 'anide formed in the oxidation of glucose was estimated colorimet- 
rically by an adaptation of the Folin and Malmros method (3), the results 
were not reproducible. Whether or not this was due to the sodium cyanide 
or to the gum ghatti used was not investigated. In order to conserve space, 
the protocols dealing with the potentiometric and colorimetric studies on 
the effect of cyanide are not included in this report. 

SOTIXIART 

A cerimetric titration method for the estimation of small amounts of 
glucose has been described. 
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It wiis found (Imt (lie MOllor i)rinriplc of (itrating to tlic oquivalpncc 
poii\( is a oonvoniont inctluKl of dotcotin^ tlio oiul-point in the ca^c of very 
dilute .solid ions of potassium ferrocyanide and eerie, sulfate. 

With tungstie neid fdtrate.s the propo.'-rd method gives .‘••omcwliat higher 
blood sugar values than (he Fo!in-Wu method. With r.ine hydroxide and 
with eoi)p(!r .sulfate-sodium tungstati' (iltrate.sit give.s about the same vnluc.s 
as docs the Folin*Wu method with these filtrates. 

The. recovery of glueosi' adiled to blood is 08.5 per cent.- 
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The composition of the fat of the animal body appeare to be rather 
characteristic of the species. The fatty acids are recognized to have 
several origins. They may be those of the diet, those synthesized from 
carbohydrates and proteins, and those formed bj’ interconversion from 
other fatty acids. 

The present study was directed primarily toward a consideration of this 
third possibility, to ascertain w’bat fatty acids would be stored following 
the addition of palmitic acid to a basal ration quite low in lipids. For 
control the fatty acids stored by rats continued on the basal ration were 
determined. 

Since rats require, for normal growth and noma! metabolism, linoleic 
acid or certain other unsaturated fatty acids, it has also seemed desirable 
to have additional experiments in which the basal ration was supplemented 
not only with palmitic acid but also with linoleic acid. 

Male albino rats taken shortly after weaning were fed for 45 days on a 
lipid-low basal diet (Diet I). This diet contained casein (extract^ wth 
fat solvents) 20, extracted yeast (Harris, fat-free) 10, salt mixture 3 (1) 
and sucrose 67 per cent. By analysis the casein was found to contain 0.5 
per cent, the yeast 1.2 per cent, and the diet not more than 0.25 per cent 
of fatty acids. By the end of the period all the rats showed definite signs 
of the Burr and Burr syndrome, rvith scaly hind feet, ridged and scaly 
tail, waxy ears, and a reduced rate of growth. 

Group A (eight rats), continued on the basal ration, consumed during 102 
days about 1100 gm. of this diet each. Growth ceased after about 85 
days. The average weight reached was 179 gm. 

Group B (seven rats), continued on Diet II, identical with Diet I excent 
that 5 per cent of palmitic acid replaced an equal amount of sucrose, ceased 
growing after about 85 days, but reached an average weight of 186 em 
The symptoms of deficiency w'ere milder than those of the control group 

* Based on a doctoral thesis, Purdue University, 1940. 
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On nil nvi'ingo o lo gm. of lOiol II wore consiimofl by each rat during the 
second period of .'l l days, 

Faich animal in Oioiip C,’ (eight ruts), continued on Diet II, received, 
until the SSih day, a weelcly supplement of 3 drops (about 100 mg.) of 
methyl linoleale. 'I'he.'-e animals grew more rapidity than tlic others and 
continued to grow, though .slowly, to the end. 'J'he average weiglit reached 
was 21 1 gm. The .symptoms of flefieicncy became milder, although several 
rats exhibited .somewhat .scaly tails throughout. During the .second period 
of 51 days, an average of 500 gm. of Diet II was ingested. 

d'he diets of all the animals were supplemented wccklj’ with purified 
fat-soluble vitamins, ^'ilamin A was sujiiilied ns carotene (330 i.u. per 
week), vitamin D as irradiated ergosterol (50 i.u. jior week), and vitamin 
E as the unsaponifiablc matter from 1 gm. of wheat germ oil per week. 
Sterols and traces of fatty acids were removed from the latter preparation 
according to the method of Mackenzie, Mackenzie, and McCollum (2). 

At the end of the experimental feeding period, the rats were allowed to 
fast for 24 hours and then were anesthetized and .sacrificed. The kidneys 
and livers were discarded and the remainder of each carcass prepared for 
extraction by grinding in a meat ehopjier. Abundant, mesenteric fat was 
present. 

Exlraclion and Analysis of Carcass Lipids — The carcass lipids were 
removed by exhaustive extraction with low boiling fat solvents. Methyl 
alcohol, used first, served to dehydrate the carcasses. Extraction was 
continued until no more than a gm. of lipids was extractable by covering 
the ground rats with acetone and refluxing for 3 houi's. A final extraction 
was made with ether. 

Tlie lipid extract n-as carefulb^ saponified br- adding in two portions a 
minimum amount of potassium hydroxide, in order to avoid alteration of 
linoleic acid. Unsaponifiablc matter was removed bj' ether extraction 
of the alkaline solution. After acidification, the fatty acids were removed 
by extraction with ether. The fatty acids were separated into liquid and 
solid fractions by the method of Twitchcll (3). Thej' were esterified by 
refluxing with 10 times their weight of anhydrous methyl alcohol containing 
5 per cent of concentrated sulfuric acid. The estei-s were freed of meth 3 d 
alcohol, washed with distilled water, then with dilute sodium carbonate 
solution, and finally with water. Tho 3 '^ were fractionated at a pressure of 
about 1 mm. of Hg in a 4 foot Fenske column patterned in general after 
that of Longenecker (4). 

Iodine number determinations on the large samples were made b 3 ’’ the 
method of Wijs with a halogenation period of ^ hour in the dark. For the 
smaller samples of 2 gm. or less, the method of Trappe (5) was used. The 
determination of the average molecular weight of the fatty acids in the 
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metliyl esters was accomplished by direct titration of the isolated fatty 
acids. 

Calculation of Resullc— The calculation of the percentage composition 
from the equivalent weights of the fatty acids and the iodine numbers of the 
methyl esters was accomplished by apportioning the weight of a given 
sample between two or three fatty acids. Methods of calculation have 
been described by Harper et al. (6) and by Channon ei al. (7). Because of 

Table I 


Detailed Analysis of Methyl Esters of Acids from Rats of Group A, Groum on Fat-Low 

Diet 


Fraction No. 

Weiglit 

Iodine 

No. 

Equiv- 
alent 
weight 
of acid 

Saturated 

Uasaturated 

c« 

Cn 

Cii 

Cu 

Cji 

Cu 

Cu 

Cj5 

Lino- 

leic 

acid 





im. 

gw. 

gw. 

gw. 

gm. 

gw. 

gw. 

gw. 

gw. 

S-l 



229.4 


1.17 








S-2 

InIRi 


242.1 










S-3 



257.7 



21.41 

1.17 






S-4 

6.73 

2.8 

257.5 



6.23 

0.30 


BiBil 




S-5 


4.6 





0.11 


0.04 




S-6 

2.29 


279.1 



0.32 

1.19 






S-7 

1.45 






0.99 






S-8 

1.22 

13.8 

283.6 




i.po 



■nB8 



b-1 


29.7 

225.9 

0.06 

0.66 








L-2 


42.4 






loBi] 

O.IS 




L-3 

1 14.99 

EaBI 

255.5 



1.84 



12.61 




L-4 

Imimm 

69.3 

259.5 











26.27 

85.9 

IgiSiCl 







26.17 


0.10 

L-6 

25.11 

84.8 

281.9 










L-7 

1.56 

78.9 




IlillB 




1.41 



L-8 

1.6S 

85.9 








1.6S 



L-9 

3.11 

113.0 

298.1 







1.37 

1.74 


Total . . 

112.97 



m 

2.52 

31.27 

4.76 

0.45 

14.24 

57. 7S 

1.74 

0.15 

Mole % . 




■ 

2-60 

29.03 

4.00 

0.47 

13.33 

48.99 

1.34 

0.13 


the comparatively pure fractions obtained, the following simplified method 
was employed. In the fractions with iodine numbers less than 40 the 
iodine number was ascribed to the unsaturated acid of the same chain 
length as the principal component of the fraction. The difference between 
the theoretical equivalent weight of the principal component and the ob- 
ser\'ed equivalent weight was ascribed to the adjacent saturated acid vith 
an even number of carbon atoms. In the unsaturated (liquid) acid analysis 
when the iodine number was greater than 40 a similar method was em- 
ployed. Tlic difference between the theoretical equivalent weight of the 
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principal comiionent niul the observed cciuivnlent weight was again 
ascribed to tlie adjacent unsalurated acid with an even number of carbon 
atoms. Then a calculated iodine number wa.s determined from the 
theoretical iodine numboi-s of the adjacent nn.saturatcd acids, depending 
on their respective abundance in the fraction. If the observed iodine num- 
ber was higher than this calculated value, tlie difTercncc was a.scrihed to 
linolcic acid. If it was lower, the difference was ascribed to a saturated 
acid of chain length equal to that of the .shorter of the two un.saturatcd 
acids. A second approximation was occa.sionally nocc.s.sar}’ in determining 
the calculated iodine number when the amotmt of the saturated acid was 
appreciable. 

Table I presents data obtained from Group A. Talde II presents a 
summary of the results obtained with all three groups. 

T.\nLE II 

Summary of Fatly Acid Analyses in Mote Per Cent 


Group A was on a fal-low diet ; Group U received 5 per cent of tlie diet ns palmitic 
acid; Group C received i drop daily of linolcic acid in addition to 5 per cent of the 
diet ns palmitic acid. 


Saturated acids j 

1 

1 Group 
A 1 

1 Group j 

1 " 1 

j ^foup Unsaturated acids 

Group 

A 

Group ' 
B 

Group 

C 

Laurie I 

0.1 

i 0.1 

i 0.1 1 Tctradccenoic 

! 0.5 

o.c 

0.5 

Myristic ! 

2.6 

2.2 

2.5 : Hc.vndcccuoic. 

' 13.3 

' IS.O 

15.8 

Palmitic j 

29.0 

29.0 

26.0 ! Oclndeccnoic . 

1 49.0 

44.2 

48.1 

Stearic 

4.0 

3.9 

4.2 1 Linolcic ... 

t 0.1 

0.7 

1.4 

Arachidic 



1 0.2 J C20 

t 1.3 

0.7 

1 1.2 

Total 

35.7 j 

35.2 

33.0 1' Methyl esters, gm. 

1 113 

112.7 

1G4.5 


A?talysis of Fecal Lipids — The feces of the rats receiving palmitic acid 
were collected and extracted M'ith ether and acetone to determine the lipid 
content. The lipids were separated into free fattj- acids, csterified fatty 
acids, and unsaponifiable matter. The total lipids extracted from the 
collected feces of the rats of Group B weighed 5G gm. and contained 4S 
gm. of free fatty acids of average molecular weight 273 (palmitic acid = 
256), and iodine number 5.8, while those from Group C weighed 35 gm. and 
contained 29 gm. of free fatty acids of molecular weight 272 and iodine 
number 5.5. 


ResuUs 

The rats of Group A raised on a diet quite low in lipids, containing 
10 per cent of brewers’ yeast, synthesized moderatelj* large amounts of 
fatty acids, averaging 13 gm. per rat. The rats (Group B) receiving in 
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addition 5 per cent of palmitic acid deposited approximately the same 
amount of fatty acids. The rats (Group C) receiving in further addition 
about 100 mg. of methyl linoleate weekly exhibited about half again as 
large an amount of fatty acids. 

The relative amounts of the several saturated fatty acids in the three 
groups were essentially the same. The somewhat lower percentage of 
palmitic acid in Group C, while suggestive, is not now taken to have 
definite significance. It is interesting to note that the animals receiving 
palmitic acid showed more of the palmitoleic acid than the controls. 
Whether the differences in the values for the animals in Groups B and C 
are characteristic, further work will have to establish. 

The results here reported provide no evidence that the addition of 5 
per cent of palmitic acid to an otherwise fat-poor diet affects the relative 
amounts of the various fatty acids stored in the body of the white rat. 
While it is conceivable that the administered palmitic acid was oxidized 
at once, this appears improbable in the light of Schoenheimer and Ritten- 
berg’s (8) conclusion that, “the largest part of the diet fat, even when it is 
present in small quantities [less than 5 per cent], is deposited in the fat 
tissues before it is utilized.” Presumably therefore the ingested palmitic 
acid is transformed to a mixture of fatty acids essentially the same as that 
synthesized on a diet low in lipids. The further addition of linoleic acid 
to the diet does not change the picture qualitatively, although the storage 
of fat was increased considerably'. 

SUMMARV 

The kinds of fatty acids stored by the rat were essentially the same on a 
diet low in lipids as on this diet supplemented with 5 per cent palmitic 
acid, with or without additional linoleic acid. 
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PROPERTIES OF THE PROTEINS 
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(From the Biological Lahoralories, Harvard University, Cambridge') 

(Received for publication, October 2S, 1942) 

Of the various properties of the proteins that which may well be ranked 
first, both because of its intrinsic importance and the amount of study 
which it has received, is molecular weight. Moreover this basic property 
stands in a central and coordinating position in relation to many others. 
This is apparent from a consideration of the methods by which it maj' be 
determined. The principal ones are tho.se based on (1) chemical analysis, 
(2) osmotic pressure, (3) dialysis %vith a graded series of calibrated mem- 
branes, (4) x-ray determination of the dimensions of the unit cell in the 
crystal, (5) sedimentation equilibrium, (C) sedimentation velocity, (7) 
diffusion constant, and (8) relaxation time. Method 1 yields only a 
minimum value of the molecular weight, but has the advantage that it is 
independent of other considerations and is often susceptible to great pre- 
cision. Method 2 has been one of the principal sources of knowledge, but 
is complicated by the corrections arising in connection with the Donnan 
equilibrium. These involve electromotive force measurements, a knowl- 
edge of activity coefficients, and in some cases of the amphoteric properties 
of the protein. Method 3 gives qualitative results only, sendng at best 
simply to place a given protein in relation to others. Method 4 provides a 
maximum value of the molecular weight, in conjunction with a knowledge 
of the density of the crystal and the water of hydration. Method 5 
gives results which, after correction for the effects of diffusible ions, in 
case the protein is not isoelectric, are independent of ail other properties 
of the protein save the partial specific volume. Method 6 gives results 
which can be interpreted in terms of molecular weight only in connection 
with information regarding a translational frictional ratio in addition to a 
knowledge of the partial specific volume. Neverthele.ss, it has probably 
yielded more information than any other method, and has the advantage 
of contributing additional information regarding the homogeneity of the 
protein. Method 7 yields information which can be interpreted in terms 
of molecular weight only on the basis of a knowledge of the same frictional 
ratio, as well as of the partial specific volume. This frictional ratio may 
itself be interpreted in terms of hydration and shape. As is well known, 
however. Methods 6 and 7 may be combined in such a way as to eliminate 
the troublesome frictional ratio. Method 8 yields results which, like 
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those based on sedimentation and dilTusion, may be intcri)reted only with 
the aid of additional knowledge of a frictional ratio, this time, however, a 
rotational frictional ratio. This ratio may in turn also be interpreted in 
terms of h 3 'dration and shape. 

These considerations indicate the waj' in which, from an operational 
point of view, the propertj' of molecular weight is bound up with various 
other properties. Through the molecular weight, or otherwise, there arc 
mutual implications involving all thc.se, such that a knowledge of one is 
contributorj^ to a knowledge of the others. In this studj' we shall attempt 
to exhibit certain of these interrelations bj- means of a particularly' effective 
tj'pc of nomogram, an alignment chart. Spccificallj', we shall concern 
ourselves with molecular weight, .scdimcnt.'ition constant, diffusion con- 
stant, frictional ratio, hj’dration, shape, and relaxation time. In addition 
to these we shall introduce one other property, not immcdiatelj' related 
to the molecular Avcight but closely' invoh'cd with two others, hydration 
and shape, which arc themselves more directly connected with molecular 
weight. This property' is the viscosity' increment, defined below (sec 
Equation 12). Such a nomographic treatment serves to present in a 
readily' comprehensible form a set of complicated relations, involving 
many' variables, which otherwise remain difficult to visualize. In this 
respect it offers a more compact and legible picture of the situation than 
that provided by' such Cartesian contour charts, valuable and illuminating 
as they are, as those given by' Onclc.v (-1). Moreover, it makes it possible 
to represent together on a single sheet, or two sheets, different experimental 
findings on a given protein, and to synthesize them into a consistent 
picture of the molecule in question. 

Fxmdaincntal Equations 

In order to construct such a nomogram as we propose it is necessary' to 
set down sy'stematically' the various equations in-\'olving the different 
properties as variables. To facilitate this we introduce at this point the 
following table of sy'mbols. 

m = weight of n single molecule of the protein 
= “ “ “ gm. molecule of the protein 

= Avogadro's number = 6.025 X 10-’ 
s = sedimentation constant 

sjo = reduced sedimentation constant; gives the ideal value of s for an infinitely 
dilute aqueous solution at 20° 

k = molecular gas constant = 1.3S0 X 10““ erg per degree 

T = absolute temperature 

c = concentration of protein in gm. per cc. 

d = density of the solution 

djo = “ “ water at 20° = 0.9982 
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C = partial specific volume of the protein 

f’.i, = " “ " “ " “ in an infinitely dilute aqueous solution 

at 20° 

h ~ water of hydration, expressed as volume fraction of the unhydrated molecule 

/ = force of friction encountered by a single molecule moving with unit transla- 

tional velocity through the medium 

/o = ideal value of / calculated by treating the molecule as an unhydrated sphere 
0 == diffusion constant = kT/f 

Dtt = reduced diffusion constant; gives the ideal value of D for an infinitely dilute 
aqueous solution at 20° 

r = radius of the protein molecule, regarded as a sphere 

P = ratio of the two axes of the hydrated molecule, regarded as an ellipsoid of 
revolution; transverse axis divided by axis of revolution 
n = viscosity of the solution 
’W = “ " water at 20° = 0.01009 

= *' increment. Sec Equation 12 below. This is the same as the quan- 

tity denoted by » by Simha 

Ti = relaxation time for a moment parallel to the axis of revolution of the molecule 
regarded as an ellipsoid of revolution 
rj = relaxation time for a moment perpendicular to the axis of revolution 
ro = ideal value of the relaxation time of the molecule regarded as an unhydrated 
sphere 

f = rotational frictional constant 

to = ideal rotational frictional constant of the molecule regarded as an unhydrated 
sphere 


We begin with the basic equation involving the sedimentation constant. 
This may be written as 

(1) „ . r « 

(1 — (id) /o °(1 — Ed) 

fo is given by the Stokes equation 

(2) fg as Gjnjr 

A.t the same time m is given by 

(3) 

Combination of Equations 1, 2, and 3 gives 

This equation may be rewritten as 


( 5 ) 




(1 “ (I — fd)* ijd* J\/c* 
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If wc introduce numerical values, identify km’ with the second expression 
in brackets (this in fact constitutes the definition of S:o), and take the 
square root of both sides, Equation 5 becomes 


( 6 ) 


M 


2.112 X 10“ - 




0.90S2fjoT' 





A corresponding expression may be derived for the diffusion constant D. 
Wc start with the basic equation 


(7) 


D 


/ ” /o 


f 


If wc combine this with Equations 2 and 3, wc obtain 


D' 


/o» (kT)> 

P ' lG2?iVmf 


or, introducing Avogadro’s number and rearranging, wc get 


(8) 


^ r ^ F:o T» ■ 


Substituting numerical values and identifying 1 /jD:o’ with the expression 
in brackets (this constitutes the definition of wc obtain 


We now have the task of setting down the cx]rression for f/fo in terms 
of the hydration h and axial ratio p. In doing this we shall assume that the 
molecules may be adequately treated as ellipsoids of revolution. If we 
introduce f'o to denote the ideal value of the frictional constant for the 
hydrated protein molecule, regarded as a sphere, wc may write 


From Equation 2 we see that /V/o = (1 + /')*• f/f'o obtained 

from the equations developed by Perrin (6) for prolate and oblate ellip- 
soids. We shall denote it by <p(p). We write therefore as the over-all 
equation 


(11) 7= (1-1-A)‘f(p) 

JO 

Tables giving numerical values of <p{p) calculated from Perrin’s equations 
for both prolate and oblate ellipsoids are given by Svedberg and Peder- 
sen ((8) p. 41). 

We pass now to the viscosity increment B,. This is defined in terms of 
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the relative viscosity tj/ijo, v denoting the viscosity of the solution, vo 
that of the solvent, by 


( 12 ) 




It is thus directly determinable by experiment, but the significant value 
of B, is that extrapolated to infinite dilution. Now the value of (ij/ ijo — 1) 
can be shown theoretically to depend only on the shape of the dissolved 
particles and the volume fraction c' which they occupy in solution. 


(13) 


(“-O’ 

V’ihjO / 


where ^ is a function of the shape, 
(expressed as a volume fraction) 


If w'e introduce the hydration h 


(14) 


cp(l + h) 


and the equation becomes 

(IS) = ^.cD(l + k) 

For spheres, Einstein has calculated the value of ^ as 2.5. Other investiga- 
tors have dealt with the value of <{> for ellipsoids. In particular Siraha 
has given equations which express ^ as a function of p for ellipsoids of 
revolution, both oblate and prolate. If we treat the molecules as ellipsoids 
of revolution, therefore, we can write 


(16) 


B, = (1 + 


Tables giving values of ^(p) calculated from Simha’s equations are now 
available (3). 

Finally we turn to the equations for the relaxation times. F or a spherical 
particle the relaxation time is defined in terms of the rotational frictional 
constant f by the relation 

(17) T = r/2tT 
i is given by Stokes as 

( 18 ) f 

and is seen to be proportional to the volume of the sphere, t is a measure 
of the time required (or a set of spherical particles initially lined up as 
regards some fixed direction in each to revert to a random distribution. 
In the case of a set of spherical molecules having an electric moment, the 
relaxation time gives rise to the phenomenon of dielectric dispersion in- 
volving a single critical frequency. It may be obtained from determina- 
tions of this frequency. 
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For bodies other than spheres the situation is more complicated. The 
frictional cocflicicnt depends on the axis about which the rotation takes 
place and it is no longer jmssiblc to speak of a single relaxation time. The 
case of an ellipsoidal jmrticlc has been treated in detail by Perrin (5). 
For an ellipsoid there arc three relaxation times, one corresponding with 
each of the three principal axes. Each of these is given by an expression 
of the same form as that for the single relaxation time of a sphere; c.g., 
Ti — ^a/2kT. The meaning of the subscripts requires explanation, n 
refers to the orientation of axis 1, and is the harmonic mean of the 
frictional coefficients for rotations about the two other principal axes. 
Corresponding to each of these three relaxation times there will be a critical 
frequenej' in the case of polar ellipsoidal molecules whose electric moment 
has a component along each of the three axes. 

In the case of ellipsoids of revolution, two of the frictional coefficients, 
and consequcntlj’’ two of the relaxation times, become identical. Perrin 
discusses this case at length and evaluates the ratio of each of the two 
frictional coefficients to that of a sphere having the same volume ns the 
ellipsoid. These two ratios arc given as functions of the axial ratio p of 
the ellipsoid (length of the transverse axis divided by the length of the 
axis of revolution). From them he at once obtains the two ratios ti/to 
and to/to which express respectively the relaxation times for moments 
parallel and perpendicular to the axis of revolution divided by the relaxa- 
tion time of a sphere of equal volume. 

If we treat the protein molecules as ellipsoids of revolution, we can 
make use of these results of Perrin to express the two relaxation times in 
terms of molecular weight, axial ratio, and hj'dration. To do this we write 


(19) 


Tl To 

n — — To 

To TO 


introducing t'o to denote the ideal relaxation time of the hydrated molecule 
regarded as a sphere, and to that of the unhydralcd molecule regarded as a 
sphere. From Equation 18 it follows that t'o/to = 1 -f /i and from Equa- 
tions 3 and 17 and 18 


( 20 ) 


To = 


3i;m£i 

Hr 


Tl/ t'o is given as a function of p by the results of Perrin.* We shall denote 
it by x(p); therefore, 

Me 


( 21 ) 


Tl = Xl(p)(l + ft)3i7 


NkT 


* There is a misprint in Perrin’s paper (5). In the second of Equations 95 the 
expression (26’ — o’) in the denominator on the right should be (o’ — 26’). In the 
second of Equations 96 and of 96 bis the corresponding expression (2p’ — 1) should be 

(1 - 2p’). 
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As in the case of sedimentation and diffusion constants it is desirable to 
use a reduced value of the relaxation time. For this purpose we re-write 
Equation 21 as 

(22) {n)« = n + k) 

IJV -I 50 iVKJ so 

Then, introducing numerical'values, we obtain finally 
(22') (t,)„ = 1.2421 X 10-»5,oilfx.(p)(l + h) 

The same expression applies to tj "with a change of subscript 

(23) (t,)!0 = 1.2421 X 10->W/X!{p)(l + h) 

According to Perrin we adopt the convention that n refers to the relaxation 
time for a moment parallel to the axis of revolution, and ri to that for a 
moment perpendicular to the axis of revolution. 

Construction of Nomograms 

The equations that we are concerned with in the construction of the 


nomogram are Nos. 6 , 9, 11 , 16, 22 ', and 23. These may be reivritten in 
logarithmic form as follows: 

(24) 

log M — ( 

^22.3877 + log ^ ggg 25 ,)i + i «») - - log_^^ = 0 

(25) 

log M -1- (13.6148 + 3 log -1- log S») + 3 log 7 = 0 

/o 

(26) 


log 7 — g log (1 -i-A) — log v(p) = 0 

JO 3 

(27) 


log B,, - log (1 -f W - log i^(p) = 0 

(2S) 

(log (7 i)b - 

■ log Pa, + 11 .9059) — log M — log (1 4- W — log xi(p) = 0 

(29) 

(log ( 72 ) 3 , - 

log iijo -f 1 1 .9059) — log JIX — log (1 + W — log xj(p) =0 


There are six of them and it "svill be seen that they contain ten variables: 
®io, p^o, 520, (ti)2o, (1-2)20, h, p. A knowledge of any four of these 

vanables therefore sen'es to determine the remaining six, subject to the 
applicability of the equations. Of these ten variables seven, namely 
D20, M, t'2o, (71)20, (72)20, are capable of experimental determination; 

and, except for the fact that the partial specific volume is involved in the 
other six, they arc capable of independent determination, for the molecular 
weight, which is the only apparent exception, may be estimated independ- 
ently of the rest from a combination of osmotic pressure measurements, 
chemical analysis, and x-ray studies. Of the remaining three variables. 
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li is susceptible to estimation from experiment but is in general not so 
aceuratclj' measurable as the others, p and f/fo are not determinable 
except in terms of the other variables on the basis of the above equations. 
From all this it is clear that questions of consistency arc certain to arise 
for proteins for which many cxi)crimental data are available and that the 
most reliable and complete picture of the charnctcristics of the molecule 
will be obtained by interrelating the rc.sulfs. As we have said", a nomo- 
graphic representation of the .situation helps greatly to settle questions of 
consistency and to present in a comprehensible way the somewhat complex 
relationships involved. 

Consideration of the six equations in logarithmic form shows that they 
are all linear in functions of each of the ten variables. This renders them 
particularly well suited to rcpre.sentation in terms of an alignment chart. 
Let us begin with Equations 21 and 2G. These involve six of the variables, 
but if we associate two of them b}- introducing a parameter we reduce the 
number to five. These may then be represented bj* a simple t 3 'pe of 
double alignment chart, in which the scales arc all straight parallel lines, 
the pivot scale being also the scale for one of the variables. Such a double 
alignment chart is in reality nothing but a combination of two single 
alignment charts, each involving three variables, which have one scale in 
common. In order to cany this into cfTcct we treat the expression in 
parentheses in Equation 24 as a new variable, c. Then Equation 24 
becomes 

(30) log M — <r — ^ log 7 = 0 

2 /o 

This equation ma.y be represented bj' a simple alignment chart with straight 
parallel scales. We arc at liberty to choose the spacing and graduation 
of two of these scales at pleasure; the position and graduation of the third 
scale is then fixed. The main consideration in the choice is to keep the 
chart rcasonablj'- compact and to have the working length of each scale 
approximatelj'^ the same. In view of this, the following choice of scales 
proves satisfactory, each scale being specified in terms of the .t and y co- 
ordinates of a point on the scale. 


Seale 

X 

V 

<r 

+5 

(5/4)(r - 5 

M 

-1-4 

log il/ — 4 

f/fo 

0 

(15/2) log f/fo 
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That this choice gives an alignment chart which satisfies the equation in 
question may be verified by evaluation of the determinant 

5 (5/4)ff - 5 1 

4 log il/ — 4 1 

0 (15/2) log ///a 1 

This provides for the first half of the double alignment chart, which lies 
to the right of the pivot scale in Fig. 1. 

The same considerations lead to the following choice of scales for the 
alignment chart for Equation 26, which constitutes the other, left-hand, 


half of the nomogram. 



Scale 

z 

V 

//;<. 

0 

(15/2) log //A 

p 

-7/5 

6 log v>(p) + 3/5 

h 

-7 

-10 log (1 + ft) 


It should be noted that the p scale is double valued, one set of values corre- 
sponding to prolate ellipsoids (p < 1 ) and the other to oblate ellipsoids 
(p > 1 ). 

We are not of course directly interested in the parameter tr, but only in 
the variables ho and sm on which it depends. To any value of o- there 
corresponds an infinite number of pairs of values of these variables, and to 
any pair of these there corresponds a single value of cr. It is possible to 
introduce sm and vzo into the alignment chart 65 "^ means of contours. For 
this purpose we require three families of contours, one for szo, one for vzo, 
and one for cr. Two of these may be chosen at will and the other then 
follows, although of course any choice must be such that the a contours 
intersect the a scale in accordance with the already fixed graduation of 
that scale. We may conveniently choose the er contours as horizontal 
straight lines, perpendicular to the tr scale. Similarly we choose the ho 
contours as straight evenly spaced vertical lines parallel to the cr scale. 
The S 20 contours are then fixed and have the appearance shown in Fig. 1 . 
In the alignment chart it is unnecessary to draw in the a contours. The 
appropriate point on the tr scale is obtained simply by projecting the point 
given by the intersection of the corresponding Szo and ho contours on the 
<r scale. If either Szo or tijo is known, the other follows on the same basis 
when a point on the <r scale is fixed. It will be noticed that the contour 
for I’M = 0.74 coincides ivith the tr scale of the alignment chart. 
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It is a very simple thing, on the basis of Equation 25, to add to the right- 
hand half of the nomogram a scale in connection with contours which 
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Fiq. 1, a 

Fig. 1,0 and 6. Nomogram for sedimentation constant (s), diffusion constant (D), 
partial specific volume (fi), molecular weight (il/), frictional ratio (J/fo), viscosity 
increment (B,), axial ratio (p), and hydration (A). Values of those variables which 
depend on temperature are for 20°. 

gives D 20 . The position and graduation of this scale are of course fixed 
the previous choice of the scales for M and///o. For this purpose we treat 
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Fig. I, b 

the e-xpression (13 .0148 + 3 log D:o + iog ho) In Equation 23 just as wc 
did the cortesponding expression in parentheses in. Equation 24. If \ve 


S-IO 
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denote this expression by 5, the 5 scale is found to be given by tlie equations 
X — 20/7, y — — (5/7)5 — 20/7. The 6 and D:o contoui-s arc chosen as 
horizontal and vertical lines respectively. 

We now have t o consider the possibility of adding a scale for the viscosity 
increment on the basis of Equation 27. Since Equation 27 involves only 
h and p in addition to /?„ this scale .should belong to the left-hand half of 
the alignment chart. In general it would not be possible to add a scale 
for the viscosity increment, but, owing to a i)articularly simple relation 
between ^(p) and (p(p), the problem becomes solvable. It is found, namely, 
that although ^(p) and \f'(p) are both complicated functions of p, neverthe- 
less log is linear in log <p(p) for both prolate and for oblate ellipsoids 
to a high degree of approximation, probably well in excess of that involved 
in treating the molecules as ellipsoids of revolution. For prolate ellipsoids 
the relation is expre.'^sed by log 4'{p) = 0.30S -f (3.92 ± 0.01) log if{p) and 
for oblate ellipsoids by log t//(p) = 0.39S -f (3.0G dc 0.01) log ^(p). A’^alues 
of log ^ calculated from thc.se equations agree with the values given by 
Simha to approximate^' 1 i)er cent Or better in the cn.se of oblate ellipsoids 
and 2 per cent or better in the case of prolate ellipsoids as p varies from 
1 to 100 or 1/100. If we make use of these equations in connection mth 
Equation 27, we obtain, for prolate ellipsoids (log B,, — 0.39S) — log 
(1 -|- h) — 3.92 log (p(p) = 0 and for oblate ellipsoids (log 5, — 0.398) - 
log (1 -f /i) — 3.06 log <p{p) = 0. The choice of scales for h and p having 
been already made, two scales arc fi.xcd for in accordance with these 
equations, one for prolate, the other for oblate, ellipsoids. The equations 
of these scales are as follows; prolate, .r = —0.3879, y = 1.8079 log j; - 
0.5533; oblate, x = —0.0343, y = 2.442 log — 0.9572. 

Thus we obtain the double alignment chart shown in Fig. 1. This 
embodies the relations contained in Equations 24, 25, 26, and 27, and con- 
sists of eight scales and associated contours. Of these the///o scale is the 
common scale which serves as pivot and belongs to each of the two single 
alignment charts of which the nomogram is composed. The BI, s, and D 
scales (with associated contours) belong to one of these component charts; 
and h, p, and two 5, scales to the other. It should be realized that it is 
only the relative spacing of the scales from the///o scale in each single align- 
ment chart which is of significance; thus since .r = 0 for the///o scale, the 
values of x which define the positions of the other scales in each half of the 
nomogram are of relative significance onlj' and may be multiplied bj' any 
desired factor irrespective of what is done for the scales of the other half 
of the nomogram. This self-evident proposition might be justified formally 
by invoking the properties of determinants. 

Unfortunate^^ no simplifying relationship between xi(p)> Xc(p)> 
ip(p) makes it possible to include either n or ts in the alignment chart we 
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Fro. 2. NonioRrnm for relaxation times (n ami rj), axial ratio (p), molecular weight OU), and hydration (h). 
Values of T| and rs are for 20°. 
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have just been discussing. Indeed, from the point of view of constructing 
an alignment chart, the situation ns regards Equations 28 and 29 is not 
very satisfactory. If we regard (Ti)v)/vin, (Tj):o/fco, il/(l + h), and p 
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Fig. 3. Ilatio of the two relaxation times (ti/tj) ns a function of axial ratio (p) 
for oblate and prolate ellipsoids, calculated from tlic equations given by Perrin. 


as the variables, we have two equations for the determination of four un- 
knowns, onh'' two of which can therefore be independent. If the nature 
of the relationships were suitable, it would be possible to construct a simple 
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single alignment chart mth four scale.s. This would in fact be possible 
if log xx(p) ^'■e^e linear in log xsCp)- Such, however, is not the case, these 
two functions being extremely complicated, and indeed in certain ranges 
double valued. However, a fairly satisfactory representation is possible 
in terms of a double alignment oliart. This is shown in Fig. 2 in which 
the it/(l + h) scale is a common scale, which also serves as the pivot scale. 
One-half of Fig. 2 then corresponds to Equation 28 and contains scales 
for (ti) 2 o and p; and the other half corresponds to Equation 29 and has 
scales for (t:):o and p.” The unusual thing about the chart lies in the fact 
that there are two separate scales for p, one in each half. One of these is 
graduated on the basis of xi(p); the other on the basis of xsfp). As in the 
case of all double alignment charts, the state of the system is represented 
by two straight lines which intersect on the pivot scale (ilf(l -f h) scale). 


Table I 

Definition of Scales of Alignment Chart for Relaxation Times and Related Properties 
Scale 




h 

Ti X0.74/ii. 

T, X 0.7i/B. 
p(for T,) 

“(“ r,) 



0.9 log M - 2.88 
-9 log {l + h) + 2.7 
log Mil + h) - 3.5 


0.6 log 


0.73 log 


('•w) 


+ 4.6667 


+ 6.2317 


l.SIogx.W - 1.1377 
2.701 log xrip) 


Ordinarily this would mean that three variables mu.st be specified to fix 
the state of the system. In the present case, however, ouing to the fact 
that there is a scale for p in each half of the nomogram, only two variables 
need be specified: these may be any two of the four quantities il/(l -f h), 
(rj)®, (t 2 )m, and p. If these happen to be (ti)io and (n)®, it may require 
a number of trials to fix the position of two straight lines which intersect 
on the i!/(l + h) scale, cut the {ri)ia and (tsIm scales correctly, and in- 
tersect the two p scales at corresponding points; f.c., points giving the same 
value of p. This difficulty is overcome by reference to Fig. 3 which gives 
m the form of a graphical table values of n/ t- in relation to p. 

It should be noticed that there are two general possibilities, one for the 
assumption that the molecules are prolate ellipsoids, in which case we must 

’ Vic speiifc of the two “halves” of the chart for convenience. Actually the scales 
of the two single alignment charts both lie on the same side of the pivot scale. 
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identify ti with the longer relaxation time, the other for the assumption 
that the molecules arc ohlate ellipsoids, in which case we must identify 
Ti with the shorter relaxation time. However, the nature of the functions 

Taiim; II 

Perrin’s Funclions/or Kalios of the Two Prlaxalion Times of an Pllipsoid of Revolution 
to the Rclnration Time of n fiphere of Kijiinl Volume 
P denotes nxinl ratio; xi(p) api)Iioa to the relaxation time for a moment parallel 
to the axis of revolution; Xiin) njjplics to the relaxation time for a moment perpen- 
dicular to the axis of revolution. 


Oblalc ellipsoids 

Pfoialc ellipsoids 

P 


Xi(p) 

p 

Xltr) 

XI (p) 

i 

1 

1 

1 

1 

1 

1.1 

0.9SG3 

1.013 

0.9 

1.028 

mmm 

1.2 

0.9831* 

1.030 

0.8-13 

1.051 


1,3 

0.9S7C 

i.aio 

O.S 

1.077 


V2 

1 

1.077 

\/oT5 

1.151 

1 

1.5 

1.013 

1.100 

0.7 

1.150 

1.001 

2 

1.132 

1.250 

0.0 ' 

1.287 

1.020 

3 

1.405 

1.020 

0.5 

1.505 

1.050 

4 

1.&13 

2.020 

0.4 

1.893 

1.094 

5 

2,240 

2.437 

0.3 

2.070 


0 

2.035 

2.845 

0.25 

3.395 


7 

3.050 

3.271 

0.2 

4.0-12 


8 

3.47 

3.09 

0.15 

7.103 

1.259 

10 

4.305 

4.534 

0.1 

13.309 

1.295 

12 

5.14 

5.37 

0.09 

15.85 

1.301 

14 

0.00 

0.22 

0.08 

19.10 

1.307 

15 

0.407 

0.049 

0.07 

23.80 

1.312 

16 

0.82 

7.05 

0.00 

30.95 

1.317 

18 

7.07 

7.91 

0.055 

30.3 

1.319 

20 

8.520 

8.768 

0.05 

41.82 

1.321 

30 

12.74 

13.01 

0.045 

50.0 

1.323 

40 

10.98 

17.25 

0.04 

61.00 

1.325 

50 

21.24 

21.49 

0.035 

77.45 

1.327 

CO 

25.47 

25.74 

0.03 

100.1 

1.328 

70 

29.72 

29.98 

0.025 

138.4 

1.330 

SO 

33.90 

34.23 

0.02 

203.0 

1.331 

90 

38.0 

38.47 

0.015 

338.8 

1.332 

100 

42.44 

42.71 

0.01 

694.7 

1.333 


* Minimum. 


Xi and X2 is such that for oblate ellipsoids ti and Ta never differ by more 
than about 10 per cent, regardless of p. It is doubtful whether at the 
present time there are anj'^ experimental results good enough to warrant 
resolution in terms of two relaxation times so close together. If only 
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one relaxation time is observed (as for example in the case of hemoglobin) 
tWs in itself may mean either that the molecules are oblate and of almost 
any axial ratio or that they are prolate but nearly spherical or that they 
are of any axial ratio but with the electric moment parallel to one of 
the axes. 

In making the actual choice of scales for this alignment chart we have 
made the n and rj scales coincide, each being a single valued scale. In 
reality these scales are for (71)20 X 0.74/t;jo and (72)20 X 0.74/520, 0.74 being 
close to the mean value for the partial specific volume for proteins.’ Varia- 
tions in partial specific volume for different proteins being relatively small, 
it seems unnecessary to introduce a set of contours as in the case of sedi- 
mentation and diffusion constants. 

We have also introduced into the alignment chart two additional scales, 
one tor h and one for M on the basis of the relation 

log itf + log ( 1 4 - ft) = log (1 + ft) 

Actually this converts it into a triple alignment chart but introduces very 
little extra complexity and adds considerably to the convenience of the 
nomogram. 

The definition of all the scales is given in Table I. 

Table II gives numerical values of xi and x: in relation to p, calculated 
from the equations given by Perrin for both oblate and prolate ellipsoids. 
It is interesting to observe how the values of these functions pass through 
minima, less than unity, for axial ratios different from I . 

Illmlralions 

In concluding we shall illustrate the use of these nomograms by one or 
two examples, beginning with myoglobin. Theorell, soon after he isolated 
this protein in 1932, undertook a study of its molecular weight in the 
centrifuge (9). Preparations of myoglobin from kidney of the horse and 
skeletal muscle of the cat were found to be monodisperse in the centrifuge 
at pH greater than 6 and had a value of s-o = 1 .9 to 2.1 X 10””. In con- 
trast to this, certain preparations of myoglobin from horse hearts appeared 
to contain two components, at pH greater than 6, one with s-o S 2 X 10"”, 
and the other nith = 4 X 10"”, although other preparations from horse 
hearts were monodisperse with S20 = 2 X 10"”. Measurements of the 
diffusion constant were made on the more slowly centrifuging material. 

* This really means that we rewrite Equation 2S in the form (log(T,)js — 

0.74 

log 0.74 + 11.9050) — logM - log (1 + ft) and treat (t,)-,-^ nsa variable in place of 
{ri)». The same is true of ( t })} s . 
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The values obtained for D^a varied bet\s-ccn 5.2 and 11.7 X 10”^ corre- 
sponding to a range of molecular weight from 10,000 to 34,000. Equilib- 
rium measurements in the centrifuge gave a molecular weight of about 
35,000 for mj'oglobin prepared from horse kidne}’, but equilibrium measure- 
ments on mj’oglobin from horse licarts indicated that the material was 
polydisperse with a molecular weight ranging from 30,700 to 58,740. 
Further equilibrium measurements on other preparations of horse myo- 
globin gave values of the molecular weight from 8500 to 17,000, but these 
very low values were attributed to breakdown of the molecules as a result 
of bacterial action. Still other equilibrium measurements in which toluene 
■was added gave M = 33,000. Some time later (1937) Poison ((8) p. 376) 
renew'ed the study of horse myoglobin and found sm = 2.01 X 10"”, 
in agreement with many of the earlier re.sults, but obtained D-a — 11-3 X 
10“’. This would mean a molecular weight of 10,900. Poison also made 
equilibrium measurements on the .same material and found the molecular 
weight to be 17,500. Still more recent studies have added to the data on 
myoglobin. In 1940, Roche and Vieil (7) carried out osmotic pressure 
determinations of myoglobin from the .skeletal muscle of the horse and 
found ill = 10,850. In 1942, Marcy and Wyman (2) studied the dielectric 
properties of metmyoglobin from hor.se hearts. Their dispersion curves 
indicate a single relaxation time corrc.sponding to tjo = 3.1 X 10”*. In 
the course of this w'ork Marcy and AVyman also had occasion to measure 
the viscosity of the protein in aqueous solution at 25° and a concentration 
of 2.32 gm. per 100 cc. The results, obtained with an Ostwald viscosimeter, 
give 7)/ijo == 1.0759. If we use Theorcll’s value of 0.741 for the partial 
specific volume of the protein, this gives a viscositj’ increment of 4.42. 
Actually the value to be used in the nomograms is the limiting value of the 
viscosity increment at zero concentration. By analogy with other proteins 
we may expect this to be lower than that obtained at any finite concentra- 
tion, and the effect in the present case should amount to perhaps 5 per cent 
or more. If we assume that the viscosity obeys the empirical Arrhenius 
equation rj / tjo = a*", where a and b are constants and c is the concentration 
of the protein in gm. per cc., it follows that (rf In v/vo)/dc = 5 In a = a con- 
stant, independent of concentration, b In a, how'ovcr, is nothing but the 
limiting value approached by the indeterminate form (rj/rjo — l)/c as c 
goes to zero. On this basis the limiting value of the viscosity increment 
may be estimated as 2.303 log 1.0759/(2.32 X 0.741) = 4.25. The correct 
value of JS, therefore should be close to 4.2. 

The observed values of the various quantities may be entered on the 
two nomograms. The results are shown in Fig. 4, in wdiich each point or 
range of values is accompanied by a letter corresponding to the observer. 
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Fia. 4. Representation of the data on myoglobin. Observations of various 
investigators are indicated by initials as follows: T, Theorell; P, Poison; B, Roche 
and Vieil; Jf, Marcy and Wyman. The straight lines represent the state of the 
molecule, in regard to all the data. Lines marked p correspond to the hypothesis 
of prolate ellipsoids; those marked o to that of oblate ellipsoids. 

It is of course necessary to enter the viscosity increment on each of the two 
scales, one for oblate, the other for prolate, ellipsoids, since we have no 
way of knowing the shape of the myoglobin molecules in advance, although 
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the absence of two distinct relaxation times suggests that they are not 
highlj" elongated. We also enter the relaxation time twice, once as ti once 
as r:, although it is possible that the electric moment coincides mth one 
of the two principal axes of the molecule, in which case the corresponding r 
drops out of the picture. Unfortunately nothing is known directly about 
the hydration of myoglobin, although by analogy with hemoglobin it 
might be expected to be about 20 per cent by weight, corresponding 
to h ^ 0.27. 

It will be seen from Fig. 4 that a fairly consistent picture is obtained by 
regarding the myoglobin molecule ns a prolate ellipsoid of revolution with 
an axial ratio of 1/2.5 = 0.40 and with its electric moment approximately 
parallel to the long axis, so that t; drops out. The adjusted values of the 
various quantities are then as follows: sjo = 2.0 X 10~”, Dm = 11.5 X 
10“^ M = 10,500, D, = 3.7, (ti)m = 3.1 X 10~®, p = 1/2.5 = 0.40, h = 0.1, 
///o = 1.11. It would be impossible to reconcile the results with the 
assumption of an electric moment parallel to the short axis. On the other 
hand an almost equally satisfactory interpretation would bo to regard the 
molecule as a flattened ellipsoid with an axial ratio of 3.0. The adjusted 
values of the various quantities are then as follows: Sm = 2.0 X 10“ , 
Dm = 10.3 X 10■^ M = 18,000, B, = 4.1, (tOm = 3.0 X 10"*, (r5):o = 
3.3 X 10“*, p = 3.6, h = O.lj/fo = 1.8. Between these alternatives there 
is really no strong basis for decision. One thing, however, is clear. The 
viscosity data absolutely rule out the possibility of a sedimentation con- 
stant of 2 X 10~” and a molecular weight much above 19,000. 

The significance of viscosity measurements is brought out b}" this nomo- 
graphic treatment. Since the scales for B, and///o nearly coincide in the 
case of oblate ellipsoids, a knowledge of the viscosity increment is practi- 
cally equivalent to a knowledge of f/fo. Thus, for oblate ellipsoids, the 
viscosity increment serves ns well as the diffusion constant to fix the molec- 
ular weight in connection with the sedimentation constant. In the case 
of prolate ellipsoids, an exact knowledge of the viscositj’’ increment and a 
rough estimate of h serve to fix f/fo. For example, if B, is 4, f/fo only 
varies from approximately 1.05 to 1.7 when h varies from 0.1 to 0.3. It 
thus appears that viscosity is a more significant quantity in connection 
with determinations of molecular weight than has often been realized. It 
is in many ways more amenable to exact measurements than the diffusion 
constant. 

Our first example of the use of the nomograms has been one of the more 
confused cases. As a second example let us take hemoglobin, which is one 
of the best characterized of all the proteins. Its molecular weight, based 
on analytical data, is 06,700; that based on osmotic pressure is 07,000; 
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that obtained from equilibrium studies in the centrifuge is 68,000. It 
shows a single relaxation time, rsa — 9.6 X 10 *. Values of the other 
quantities are as follows; Sm == 4.41 X 10 ” (4), Ujo = 6.9 X 10 ’ (4), 
tiio = 0.749 (4), = 5.1 (4), h = 0.4 (1). With the aid of the two align- 

ment charts, the situation may be interpreted on the basis of either of the 
following compromises. 

Prolale Molecules, Moment Perpendicular to Long Axis — Sso = 4.41 X 
10"’’, D-o = 6.5 X 10~^ M = 65,000, B, = 4.9, = 9.5 X 10~\ p = 

1/2.7 = 0.37, h = 0.4. 

Ohlaie Mofecufes— sjo - 4.41 X 10"", D«, = 6.5 X 10"’, ilf = 65,000, 
B, = 4.6, (t,)2o - 11 X 10“*, (t2)m == 13 X 10 ®, p = 2.7, h = 0.4. 

If we adopted the oblate interpretation, we might assume that the 
component of the moment corresponding to n is negligible. 

As a final example we take the case of edcstin, a protein somewhat less 
well characterized than either of the others we have been considering. 
Direct measurements of the molecular weight of this protein are not avail- 
able. According to Oncley (4), the dielectric constant data are resolvable 
in terms of two relaxation times, tm = 286 X 10 *, tjo = 32 X 10"*. 
Other data given by Oncley are as follows; = 12.8 (or 14.6, from pre- 
liminary studies of Oncley), Dzo = 3.93 X 10"’, a — 0.744. The two re- 
laxation times are so widely different as to rule out the possibility of flat- 
tened molecules. We may therefore identify 286 X 10"* with n and 32 X 
10"* with Tj. This gives n/n = 8.9. From Fig. 4 we see that this corre- 
sponds to p = 0.112 = 1/8.9. Turning to Fig. 3, we then obtain at once 
M(1 •+■ fc) = 270,000. In contrast to this the lower value of the sedimen- 
tation constant gives a molecular weight of 310,000 and///o = 1.21., If 
we assume no water of hydration Qi — 0), this may be seen from Fig. 2 to 
give p = 1/4.5 = 0.222. Thus there is a real discrepancy. A possible, 
though not very satisfactory, compromise would be to assume Sjo = 12.8 X 
10"”, D,o = 3.4 X 10"’, M = 360,000, (rOzo = 210 X 10"*, (r2)2o = 41 X 
10"*, p = 1/6.25 = 0.16, h — 0, ///o = 1.33. It is unfortunate that no 
viscosity data are available. As we have pointed out, a knowledge of 
viscosity may be decisive in settling just such issues as this. 

These three examples show the convenience and value of the alignment 
charts given in Figs. 2 to 4 in interpreting and reconciling various data 
relating to the molecular weight of proteins, as well as in presenting in 
comprehensible form the somewhat complicated interrelations involving 
the various properties. 

Note — It is impractical to reproduce in the Journal the nomograms at 
workable size. A limited number of planograph reproductions are avail- 
able and copies may be obtained from the authors. 
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THE QUANTITATR^ RELATIONSHIP BETWEEN iS-HYDROXY- 
BUTYRIC ACID AND ACETOACETIC ACID IN 
BLOOD AND URINE* 

Bv IRENE E. STARIC and MICHAEL SOMOGYI 
(From the Laboratory of the Jewish Hospital of St. Louis, Si, Louis) 

(Received for publication, November 30, 1942) 

Although the quantitative relationship between jS-hydroxybutyric acid 
and acetoacetic acid in blood and urine has been the subject of extensive 
studies during the last four decades, we found no information as to the 
distribution of the two acids between corpuscles and plasma. To obtain 
this information for our current studies was the primary purpose of the 
work reported in this article. 

It has been well recognized that the quantitative relationship between 
the two acids varies with changing conditions, but the factors which can 
cause such changes were scarcely studied systematically. In the present 
work we determined the ratio of ^-h 3 ’droxybutyric acid to acetoacetic 
acid in the blood (both plasma and corpuscles) and urine of healthj'^ and 
diabetic subjects in the postabsorptive state, precluding effects which 
absorption of food or the administration of insulin might exert. 

Blood 

Since the concentration of ketone bodies in the blood of health^' individuals 
is very low (a maximum of 1 mg. per cent of total ketone bodies expressed 
as (3-hydroxybutyric acid), 70 to 80 cc. of blood were required for the analj'sis 
of both whole blood and plasma. 

For analysis 25 cc. of blood were deproteinized by dilution with 50 cc. 
of 0.3 N barium hydroxide and subsequent addition of 50 cc. of a 5 per cent 
solution of zinc sulfate. The remaining blood was centrifuged for 20 
minutes and the cell volume was determined. Of the plasma 25 cc. were 
deproteinized in the same manner as the whole blood. In order to enhance 
the amount of protein-free filtrate, the precipitate was separated b\' 
centrifugation. Glucose was eliminated from the filtrate bj' Salkowski’s 
method, solid anhj'drous copper sulfate and calcium hj’droxide being used 
in order to avoid further dilution. Equivalents of 10 to 12 cc. of blood or 
plasma (50 to 60 cc. of filtrate) were used for the determination of the J3- 
hj'droxj’butj'ric and acetoacetic acids bj’ a method previoush’ described 
(1). In the cases of fasting and of diabetic subjects much smaller amounts 
of blood sufficed for these determinations. The concentrations of the 

* This work was aided by the Helen Yonkers Research Fund. 
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ketone bodies in tlie corpuscles were ciilciiliited from tlie analytical data 
of whole blood and of i)lasma with knowlcdKO of the cell volume. 

Table I contains ro.sultsobtained on tliel)lood .samples drawn from healthy 
j'oung individuals. Samjdcs 1 to 5 were taken directly before breakfast, 
12 to M hours after (he last meal; Samples 0 to 8 after fasting for various 
periods of time. Samples 4 and 5 were pooled .«j)ocimens, each obtained 
from thi'ce subjects, wliile all the others were individual specimens. 

The concentrations of the two acids (cxpre.ssed in terms of /3-hj’droxy- 
butyric acid), as given in 3'able I, were determined separately in whole blood 
and plasma. The amount of the total ketone bodies represents the sum 
of the two constituents, not the result of direct analysis. The term /3 ratio, 


Taiii.k I 

Kclonc liodics in W/iolc lUood and Plasma of Ilcallh;/ liuhjeets in Postabsorpthc 

Stale and after Fasting 




! 

ria<ma 



Whole blood 


Sample 

No. 

Condition 

j 

Accio* 

acetic 

acid 

1 P-Hy- 
dfoty- j 
butvfic 

1 acid 1 

1 

1 Total 

1 ketone 
j bodies 

1 

j ratio 

) 

j Aceto* 
acelir , 

1 

flUy- 

droxy- 

butvfic 

acid 

j Total 

1 ketone 

1 bodies 

fl rjlio 



pfg. f-er 
(fnt 

me. ter | 

1 

' mg. pfr 

1 (fnt 


1 n? * 

' Cfnt ] 

nf. ter i 

1 cenf j 

1 me. pfr 

1 cm/ 


1 

Postab.sorptive 

0.43 

0.93 . 

1..36 

08 

0.10 i 

I O.CO j 

1.00 

03 

2 

“ 

0.23 

! 0.65 1 

0.78 

S3 

0.23 

0.39 

0.02 

03 

3 


0.04 


0.15 

73 

0.09 

0.14 

0.23 

01 

4 

H 

0.25 

! 0.70 

0.95 

! 71 

0.10 

0.30 

0.52 

09 

5 

4t 

0.11 

0.27 1 

0.38 ) 

i 

O.OS 

0.19 

0.27 

70 

6 

Fnsted 64 hrs. 

21. S 

00.1 

87.9 

75 

24.0 

44.4 

OS. 4 

65 

7 

“ 62 “ 

4. SO 

22.0 

27.7 1 

! S3 

5.36 

IS.O 

23.4 

76 

S 

“ 38 “ 

5.51 

12.9 

18.4 

i 70 

4.S5 

S.25 

13.1 

63 


suggested by Kennaway (2) to denote the value 100 X (/3-liydro.\ybutyric 
acid)/(total ketone bodies), was adopted for its convenient brevity. 

The values in Table I convey three clear cut. facts. First, it may be 
seen that the /3 ratio in whole blood varies between 60 and 75, a range that 
was generally obscr\md by numerous workei-s. After prolonged fasting 
the /3 ratio is much the same as in the postabsorptive state. The second 
fact revealed in Table I is that the /3 ratio is appreciably higher in plasma 
than in whole blood, obviouslj’^ due to the fact that the amount of acoto- 
acetic acid in relation to the |8-hydro.\ybut3'ric acid is considerablj’ greater 
in the corpuscles than in the plasma. Thirdly, the concentration of total 
ketone bodies is appreciably higher in the plasma than in the whole blood, 
owing to an uneven distribution between corpuscles and plasma. 

This uneven distribution becomes more obvious if one compares the 
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calculated values for corpuscles, presented in Table II, with the analytical 
data of plasma (Table I). It may be seen that, with the exception of one 
case (Sample 3), the concentration of total ketone bodies in. the corpuscles 
is by and large only one-half as high as in the plasma. This statement 
cannot be based on the postabsorptive samples (Nos. 2 to 5), in which the 
total ketone body content of the blood is less than 1 mg. per cent; these 
results are inconclusive because the values calculated for the corpuscles 
from two determined quantities may be greatly distorted by analytical 
errors, especially if these should be additive. In Samples 6, 7, and 8, 
however, from subjects in which ketonemia was rather high, analytical 
errors could not essentially affect the data calculated for the corpuscles. 
As shown in Table II, in these samples the concentration of total ketone 


Table II 

Ketone Bodies in Blood Corpuscles Calculated from Data in Table I 


Simple 

No. 

Cell volimie 

AcetoiceUc 

icid 

^•Hydroxy* 
butyric icid 

Total ketone 
bodies 

ketones of cells 
ketones of plsism 

ratio 

1 

per cent 

50.0 

mg. per cent 

0.46 

mg. per eent 

0.32 

ng. per eenl 

0.78 

57.4 

41 

2 

46.5 

0,34 

0.11 

0.45 

57.7 

25 

3 

46.6 

0.15 

0.17 

0.32 

213.3 

S3 

4 

42.0 

0 

0 

0 

0 

0 

S 

41.2 

0.02 

0.07 

0.12 

0.1 

58 

6 

50.0 

26.1 

22.7 

48.8 

54.9 

42 

7 

43.5 

6.00 

11.7 

17.7 

64.0 

66 

8 

44.3 

4.01 

2.41 

6.42 

34.8 

38 


bodies in the corpuscles was, respectively, but 54.9, 64.0, and 34.8 per 
cent as high as in the plasma. 

This distribution ratio between corpuscles and plasma, however, applies 
only to the total ketone bodies. When acetoacetic acid and ^-hydroxy- 
butyric acid are regarded separately, it may be noted that the relationship 
between the two acids is substantially different in corpuscles on the one 
hand and plasma on the other. Namely, while in the plasma acetoacetic 
acid represents only about 20 per cent of the total ketone bodies, in the 
corpuscles it increases to 50 per cent and higher. Thus it happens that 
whereas the concentration of total ketone bodies may be only half as high 
in corpuscles as in plasma, acetoacetic acid concentration in the corpuscles 
may equal and even exceed that in the plasma. 

Diabetic patients with varj’ing degrees of ketosis exhibit in general a 
picture much like our healthy subjects. In Table III are presented the 
results on eight patients. Samples 2, 3, and 5 were obtained from newly 
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diagnosed initicnts wlio bail never received (reatment with insulin; 
Samples ], (!, 7, and S were ol)faincd when the patients were in a state of 
coma. To none of them was insulin administered for at least 24 hours 
prior to our ob.scrvntions, and all were in the postah.sorptivc state. 

As may be seen in Table III (Samplc.s 1, 2, 4, and 5), the plasma .showed 
a higher concentration of ketone bodies than whole blood, just as in healthy 
individuals. In Sam|)les 0, 7, and S, however, the distribution was inverted; 
these were incidentally from patients in coma who died. As to the 
ratio, tliis, as in our healthy .subjects, was higher in the j)lasma than in 
whole blood, .showing the relative preponderance of acetoacctic acid in the 
corpuscles. Yet variations were considerable. In .Snmi)lc 2 (Table III), 


T.-viit.i; III 

Kclonc Hodics in Whole Hlootl and Pln.tina of Diahelic I’alicnls in 
I'oalabsorptive Stole 
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1.31 

3.47 

1 4.78 
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: 1.31 

3.47 ; 

1 4.78 

73 

■) 
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59.8 1 

78.8 

70 

24.8 

43.2 

' os.o 

OS 

5 

7.20 

31,5 

38.7 

! 81 

7.70 

17.7 

t 25.4 

70 

C* 

3! 7 

151.0 

188.7 

82 

03.2 

132.0 

! 195.2 

08 

7* 

59.4 

82.9 

142.3 

57 

77.0 

83.0 

100.0 

52 

8* 

35.7 

121.0 

150.7 

78 

39.8 

121.0 

103.8 1 

76 


* Specimens obtained when patients were admitted to various hospitals in diabetic 
coma. 


for instance, the corpuscles contained 9.5 mg. per cent of acetoacctic acid 
and the /9 ratio was 50, whereas the plasma contained only 5.9 mg. per cent 
and showed a /3 ratio of 78 (total ketone bodies in the corpuscles were 19 
mg. per cent, in the plasma 2G.9 mg. per cent). This is in line with our 
findings in healthy fasting subjects. In Sample 5 (obtained from an un- 
treated diabetic) an extreme picture presented itself, in that the corpuscles 
contained 29.1 mg. per cent of acetoacctic acid and no /S-hj’^droxybutyric 
acid at all. 


Urine 

In order to obtain a base-line for our studies, we analj’^zed a number of 
urines of healthy and diabetic subjects, always ascertaining that the samples 
were excreted in the postabsorptive state and with the exclusion of any 
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insulin effect. All subjects voided upon rising in the morning, discarded 
the urine, then collected the urine that was e.vcreted from that time until 
breakfast. The diabetic subjects have had no insulin injections for at least 
24 hours preceding the experiments. 

For analysis the urines were rendered free of sugar by copper sulfate- 
lime treatment, according either to Salkowski’s or Van Slyke’s technique. 
For further purification the sugar-free filtrates were treated with basic 
lead acetate and disodium phosphate, the same reagents that we employed 
for the desaccharification of blood. 


T.cble IV 


Relationship between Acetoacelic and fi^Hydroxybutyric Acids in Urine in 
Postabsorpiive Stale 
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15 
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77 

16 
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After this double precipitation urines still contain substances that inter- 
fere with the analysis of the ketone bodies. VTien the method of ^’■an 
Slyke and Fits (3) is used, this interference is negligible in cases with 
substantial degrees of ketonuria. In the instance of normally fed healthy- 
subjects, however, who excrete only 20 to 40 mg. of ketone bodies (in terms 
of fi-hydroxybutyric acid) per 24 hours, the selectiveness of the Denighs 
reagent proves to be insufficient and the analytical results arc misleading. 
In particular the d-hydroxybutyrie acid values are too high, being multiples 
of the values obtained with the triple o.xidation and distillation method of 
Shaffer and Marriott (4). IVe used, therefore, the method of Shaffer and 
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Marriott adapted to a micro scale. Siib.scqucntly we found a somewhat 
shorter procedure. Namcl}', we ti.scd our micromethod ns devised for 
blood anal 3 'sis, but complcmcntal it with an added .step which consists 
in dissolving the Denigf^s precipitate and distilling off the acetone after 
the solution is rendered alkaline. The results obtained b}’ this technique 
showed close agreement with tlio.sc of the ShatTcr-Marriott procedure. 

In Table IV arc presented our findings on three groups of subjects. 
Samples 1 to G were obtained from hcalthj' subjects in the postabsorptive 
state. In view of the low ketone bod}' concentrations in these urines, the 
purified portions used for an analj'sis represented not less than 15 cc. of 
urine, so that the amounts of acetone actuall}' mca.surcd were sufficient 
to secure a fair degree of anali'tical accurac}-. As ma}' be noted, the normal 
urines in the postabsorptive state containiHl acetoacctic and ^-hj’droxj’- 
but 3 'ric acids in a rather uniform relation.ship; the lowest ^ ratio was G7, 
the highest 87, the average 80. Samples 7 to 9 were from health}' 3 ’oung 
persons who liad fasted for at least 3G hours. The /9 ratio here was of the 
same general order as in the postabsorptive urines of normall}' fed subjects. 
Samples 10 to IG were obtained from seven diabetic patients. The P 
ratio in these samples varied between G3 and 77, with an average of 72. 
These values are somewhat lower than we found in normal subjects, but 
in lack of statistical material, the differences can scarce!}' bo considered as 
significant. 

This range of variations in the /S ratio is notably narrower than most 
workers in the past have described. This we ascribe to the fact that the 
urine samples in our work were collected under standardized conditions, 
while earlier investigators, with a few c.\ccptions, paid no attention to the 
possible influence of food intake and of insulin injections. As we shall 
show in subsequent reports, both of these factors profoundl}' affect the 
)3 ratio. 


SUMMARY 

Studies concerning the distribution and quantitative relationship of 
acetoacetic and /9-hydro.\ybutyric acids in normal human blood and urine 
in the postabsorptive state gave the following results. 

1 . The concentration of ketone bodies is about twice as high in the plasma 
as in the corpuscles of the blood. 

2. Virile in plasma j8-hydro.\ybutyric acid predominates, so that aceto- 
acetic acid amounts to only one-fifth of the total ketone bodies, in cor- 
puscles acetoacetic acid constitutes one-half and often a greater portion of 
the ketone bodies; there are cases in which corpuscles contain acetoacetic 
acid but no /?-hydroxybutyric acid at all. 

3. The urine of normally fed healthy individuals always contains small 
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amounts of both acetoacetic and /S-hydroxybutyric acid; the /8 ratio 100 X 
(5-hydroxybutyric acid)/ (total ketone bodies) varies within a rather narrow 
range. 

In diabetic patients the relationships are the same as in healthy persons. 
This applies to blood as well as to urine, provided that the samples are 
obtained in the postabsorptive state and with the preclusion of insulin 
action. 
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ISIETABOLISM OF A PAEAFFIN* 

Br DeWITT STETTEN, Jr. 

(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 

(Received for publication, December 4, 1942) 

The studies of Channon and his collaborators (1, 2) on the absorption 
of paraffin hydrocarbons from the gastrointestinal tract led to the startlbg 
conclusion that n-hexadecane was not only absorbed but was catabolized 
to give undetermined products. Despite an early observation to the con- 
trarj" by Bradley and Gasser (3), the prevalent belief prior to the work of 
Channon was that the aliphatic saturated hydrocarbons were completely 
unabsorbed and metabolically completely inert. By comparing the 
amount of unsaponifiable material excreted with the amount of hexadecane 
fed, El lilahdi and Channon (1) demonstrated that this hydrocarbon was 
absorbed by rats to the extent of 50 to 100 mg. per day. They were further 
able to show an increase in the amount of unsaponifiable material and a 
decrease va. the iodine number of this fraction in various tissue lipids after 
the administration of hexadecane. They took this as evidence for the 
deposition of the hydrocarbon in the body. Later, in experiments on cats, 
Channon and Devine (2) succeeded in isolatmg hexadecane from tissue 
lipids after a prolonged feeding of this material. They noted that the 
total recovery of hydrocarbon from feces and tissues was much less than 
the amount fed and concluded that hexadecane was converted to other 
unidentified products in the animal body. The site of this conversion they 
assumed to be the liver, basing this assumption on the observation that 
there was little or no increase in the quantity of unsaponifiable material 
in that organ after the ingestion of hexadecane. 

The purpose of the present study was to determine whether normal 
aliphatic hydrocarbons may be oxidized, in the animal body, to fatty acids. 
In line with previous investigations from this laboratorj' (4, 5), in which 
the absorption and metabolism of the 16-carbon fatty acid and the analo- 
gous alcohol had been studied -with the aid of isotopic hydrogen, it was 
determined to prepare and feed deuterio hexadecane under the same general 
conditions as in the experiments with deuterio palmitic acid and deuterio 
cetyl alcohol. It had been shown in these earlier experiments (5) that 
cetyl alcohol was efficiently absorbed and converted to palmitic acid by 
the rat, and it was hoped that, if a similar conversion occurred in the case 
of hexadecane, it should be demonstrable. 

• This work was carried out with the aid of a grant from the Josiah Macy, Jr., 
Foundation. 
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Dcutcrio licxncJocfiiic was i)rei)arod for this purpose by the Kolbc reac- 
tion, ciectrob’sis of potassium «,/5-didcu(crio pelargonate. The absence of 
exchange reaction between tlic hydrogen in tlic solvent and that on the 
a-carbon of the acid under tlio conditions of the KoIIjc synthesis has already 
been demonstrated for the synthesis of ethane from acetate (G, 7) and was 
found also to be true in the jiresent synthesis. Tlic product, therefore, 
must have been 7,8,n,10-tctradcutcrio hc.xadccnnc. 

An otherwise well rounded diet, the same ns had been used in previous 
experiments (4), was mixed with 0.75 per cent of dcuterio he.xadecane and 
fed ad libilimi to two growing rata until 200 gm. had been consumed, which 
required 9 days. The rats were then killed, gastrointestinal tracts removed 
and combined with the accumulated feces, and the livers removed for 
separate study. After alkaline hydrol 3 ’.sis of each portion, saponifiable 
and unsaponifiablc fractions were isolated. The fattj’ acids were further 
separated over the lead salts into solid and liquid fractions. The unsaponi- 
fiablc portions were separated into alcoholic and non-alcoholic fractions 
over the sodium .salts of the hemiesters of succinic acid. The weights and 
corrected deuterium contents of each fraction arc given in Table I. 

From those data it is ap])arcnt that hoxadecane is well absorbed from 
the gastrointestinal tracts of rats. The deuterium analysis of the non- 
alcoholic fraction of the fecal unsaponifiablc matter indicates that, of the 
1500 mg. fed, onlj" 132 X 0.437 = 58 mg. were unnbsorbcd. This means 
that about 80 mg. of hc.xadccanc were absorbed per rat per day, a finding 
in agreement Avith that of El Mahdi and Channon (1). That this absorp- 
tion took place prior to bacterial alteration of the molecule in the intestine 
is indicated by the high isotope content of the analogous fraction from the 
bodies of the rats. This fraction, however, though rich in isotope, is small 
in amount, accounting for only 38 mg. of the material fed. Precisely as 
noted by Channon, the hj’drocarbon must have been catabolized in 
the bodj". 

The finding of a significant though low' concentration of DjO in the body 
W'ater, as has been found w'hen dcuterio fatty acids were fed (4), is in agree- 
ment W'ith the idea of catabolic degradation of the hj'drocarbon ; the finding 
of a notablj' higher isotope concentration in the fatty acids of the carcass' 
at once indicates the catabolic route. About 15 per cent of the isotope 
fed as hexadccane w'as recovered in the fatty acids of the carcass. To 
explain this it is necessary to assume an oxidative process, presumably 
attacking a terminal methj'l group, in which hexadecanc is converted into 
palmitic acid. The oxidation of a carbon-bound methj'l group to a car- 
boxyl group has already been postulated in the theory of u oxidation. The 

> For want of a better term, the word “carcass” is herein employed to mean the 
body of the animal less the liver and gastrointestinal tract. 
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present instance is perhaps more surprising in view of the notorious sta- 
bility of saturated aliphatic hydrocarbons toward oxidizing agents in vitro. 

It is not possible, from the present experiment, to state conclusively 
the site of this oxidation. That it did not occur exclusively in the gastro- 
intestinal tract is shoivn by the fact that the isotope content of the fatty 
acids is much higher in the liver than in the feces. The deuterium concen- 
tration in the fecal fatty acids was slightly lower than that in the carcass 

Table I 

Weight and hotapic Composition of Fractions Isolated 
Two growing male rats were fed a total of 1.5 gm. of deuterio hexadecane, contain- 
ing 9.7 atom percent excess deuterium, over a period of 9days. The isotopic compo- 
sition is given (A) as the actual analytical figure and (B) recalculated on the basis 
of 100 atom per cent in the hexadecane fed. 





Deuterium contest 

Source of fraction 

Fraction isolated 

Weight 



A 

B 



gm. 

atom per coni 

atom per cent 

Feces -t- intestinal 

Fatty acids 

2.161 

0.11 

1.1 

tracts 

Solid 


0.15 

1.5 


Liquid 

Unsaponifiable 

0.667 

0.08 

0.8 


Non-alcoholic 

0.132 

4.24 

43.7 


Alcoholic 

0.417 

! 0.06 

i 0.6 

Livers 

Fatty acids 

0.233 

0.41 

i 4.2 


Unsaponifiable 

0.016 



Carcasses* 

Fatty acids 

15.272 

0.15 

1.5 


Solid 


0.20 

2.1 


Liquid 

Unsaponifiable 

0.505 

0.09 

0.9 

“ -h livers 

(( 

0.521 




Non-alcoholic 

0.256 

1.44 

14.9 


Alcoholic 

0.254 

0.06 

0.6 

Tody water 



0.04 

0.4 


* Body less the liver and gastrointestinal tract. 


fatty acids and probably resulted from normal fatty acid excretion. These 
findings, together with the observation that no large amount of unoxidized 
hydrocarbon accumulated in the liver (as also noted by Channon and 
Devine (2)), indicate the likelihood of the liver being the site of the oxida- 
tion under consideration. 

No particular significance should be attached to the deuterium concentra- 
tions noted in the two alcoholic fractions isolated. These may well 
be due to the contamination of these crude mixtures by traces of isotopic 
hexadecane. 
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It is of interest to compare the fate of the three IG-carbon compounds, 
hexadccanc, cetyl alcoliol, and palmitic acid. All three of these compounds 
labeled with deuterium have now been fed to growing rats on the same basal 
diet, and for about the same length of time (4, 5). At least when fed in 
small doses, all three arc readily absorbed. All three give rise to DjO 
in the body water. In each case, the liver fatty acids arc rich in deuterium, 
and the deuterium concentration in the cnrca.ss fatty acids is between 
one-half and one-third that in the liver fatty acids. 

These results, obtained when small amounts of hj’drocarbon were fed, 
can have but little relation to the therapeutic administration of mineral oil 
in largo doses. It. is well knowm that, when gi\'cn in large quantity, 
mineral oil is chicfl}’ e.vcrctcd unaltered in the feces with an accompiinying 
diarrhea. In the present c.vpcrimcnt, in which the dosage was small and 
absorption excellent, no diarrhea at all was noted. 

EXPERIMENTAL 

A'-Nonylcnic acid was prepared bj' the condensation of malonic acid 
with hcptaldchj’dc in pj'ridinc solution and subsequent decarboxylation, 
according to Harding and Weizmann ( 8 ). The product was purified by 
distillation in vacuo and precipitation of the barium salt from ethanol. 
The regenerated free acid was redistilled, b.p. 1C9-175® at 30 mih. pressure. 

31.2 gm. of nonylenic acid wore shaken with 500 mg. of platinum oxide 
( 9 ) in an atmosphere of deuterium at room temperature and slightly less 
than atmospheric pressure. Deuterium uptake was rapid, and, after about 
3 hours, the theoretical amount of gas had been consumed. Platinum 
was removed bj' filtration of the product in methanol solution and the 
product isolated by evaporation of the filtrate. The yield of crude a,^- 
dideuterio pelargonic acid was 31.4 gm. Deuterium content, Q.latomper 
cent excess. 

The electrolysis of the pelargonate was carried out essentially according 
to Petersen (10). To 20 ml. of ethanol -f 25 ml. of water were added 5 
gm. of K 2 CO 3 and 5 ml. of deuterio pelargonic acid. This mixture was 
electrolyzed between a platinum gauze anode and a copper cathode at 
about 1.5 amperes. The temperature was maintained at about 50° bj' use 
of an immersed “cold finger.” At half hour intervals 5 ml. quantities of 
pelargonic acid were added until a total of 25 ml. had been introduced. 
Ethanol was also added from time to time to reduce foaming. The electrol- 
ysis was allowed to run 8 hours in all, during which time a pale yellow 
supernatant layer appeared. 

The hydrocarbon was extracted from the reaction mixture with petroleum 
ether that had previously been purified over concentrated HsSOi. After 
evaporation of the solvent, the oily residue was stirred with concentrated 
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H:S 04 at 100° for 1 hour, and from the resulting black tar the paraffin 
fraction was reextracted with petroleum ether, dried over KOH, and dis- 
tilled in vacuo. The ffistillate was again purified by a second treatment 
with concentrated H-SO<, followed by a second distillation. The final 
yield, after this exhaustive purification, was 2.6 gm. M.p. 18°, deuterium 
content 9.7 atom per cent excess. On the basis of the deuterium analysis of 
the pelargonic acid, if it be assumed that no exchange had taken place dur- 
ing electrolysis, the expected deuterium content of the hexadecane would 
be 9.6 atom per cent. Because of difficulties inherent in carbon-hydrogen 
determination on samples rich in heavy hydrogen, a sample of hexadecane 
prepared and purified in an identical fashion, with the same melting point 
but devoid of isotope, was subjected to elementary analysis.® 

CuH« (226.4). Theory, C 84.9, H 15.1; found, C 84.9, H 15.2 

The feeding experiment was conducted precisely as in a previous report. 
To 186 gm. of basal diet already described (4) were added 12.5 gm. of butter 
and 1.5 gm. of deuterio hexadecane, the whole being homogenized in petro- 
leum ether which was subsequently evaporated off. This diet was fed 
ad libitum to two growing male rats, average weight 94 gm., and was entirely 
consumed after 9 days. During this interval the rats showed an average 
weight gain of 31 gm. 

The animals were killed and the lipids of the tissues and excreta isolated 
as in previous experiments (4, 5). The gastrointestinal tracts and feces 
were pooled and worked up together, and the livers were also investigated 
independently. Preliminary separation of the unsaponifiable fraction of 
the liver yielded too little material for isotope analysis, and it was therefore 
pooled with the corresponding fraction from the carcasses. To insure 
agamst contamination by isotopic hydrocarbon, the carcass fatty acids, 
after initial isolation, were redissolved in alkali and washed with ether. 
When isolated a second time, no significant alteration in deuterium content 
of the fatty acids had occurred. The separation of solid and liquid fatty 
acids was carried out as before (4), and the lead salts of the solid fatty acids 
were recrystallized from hot ethanol prior to their decomposition. 

The unsaponifiable fractions were separated into alcoholic and non- 
alcoholic portions by reflujdng with twice their weight of succinic anhydride 
in pyridine for 1 hour, dividing the reaction mixture between ether and 
dilute aqueous HCl, washing well nith water, and then extracting the 
succinic acid hemiesters from the ether layer with NaiCOj solution. From 
the ether layer, the non-alcoholic fraction, which should contain any 
hydrocarbon that was present, was recovered by evaporation of the solvent. 
The aqueous layer, on reacidification and extraction with fresh ether, gave 

’ The elementary microanalysis was carried out by Mr. tV. Sasebek. 
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the succinic acid homicslers of tlic l^'droxy compounds present in this 
fraction. 

All remaining operations wore carried out a.s described in previous 
reports (d, 5). 


.stJ.MMA nv 

71-Hcxndccanc ha.s been prepared containing an excess of deuterium, 
and this material lia.s been fed to rats for a period of 9 days. 

At the level of feeding employed, 83 mg. per rat per day, he.xadccane is 
very efTicienlly absorbed from the gastrointestinal tract and partially 
deposited as such in the ti.ssue lipids. 

Much of the absorbed hexadecanc was found to have been oxidized to 
fatty acid in the bod}’, aijparently largely in the liver. 
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LIVER GLYCOGENESIS AND FASTING IN THE RAT 
THE EFFECT OF GLUCOSE FEEDING ON THE WATER BALANCE 
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(From the Department of Physiology, College of Physicians and Surgeons, Columbia 
University, New York) 

(Received for publication, November 2, 1942) 

Evidence was presented recently (1) that the process of glycogenesis 
when initiated by feeding glucose may result in an increase of as much as 
32 per cent in the non-glycogen liver solids. This evidence is based upon 
a recalculation of the data of MacKay and Bergman (2). The purpose 
of the present work is to seek further evidence in order to test this con- 
clusion. It appears that the problem is related to the mechanism of 
glycogenesis.' 


Methods 

Male albino rats were used. Five of the groups of rats were approxi- 
mately 100 days old and two of the groups from an entirely different colony 
were 160 days old. 

The methods of analysis have been reported (I). The stock diet and 
anesthetic were the same as used by Guest (4). In these experiments 
considerable care W'as taken to exsanguinate the livers by pressing be- 
tween filter paper. They were then frozen and weighed in an insulated 
container to ±5 mg. On the other hand, in previous work reported, most 
of the blood was withdrawn through the heart before removal of the liver. 

The livers were analyzed separately for water, glycogen, protein (N X 
6.25), and lipids. Ash determinations were made upon mixtures of equal 
weights of fat-free dry solids. The mean values of the percentages of each 
component are given in Table I. Also giv’en is the precision^ of the means 
of certain measurements as ej/ . An index of the accuracj' attained is 

' Another plmse of the glycogenic process was investigated. The work of Deysach 
(3) on a sphincter mechanism in the Ii%'er suggests that circulatory differences may 
exist during glycogenesis as compared with fasting. .\n attempt was made to 
determine these differences, Hemostats were quickly applied to both the portal 
and hepatic blood vessels and the liver excised without loss of the contained blood. 
The latter was then pressed out on weighed filter paper. .\ comparison was made 
of livers with high and low glycogen. The results were inconclusix’c. In spite of 
elforts to avoid it, the mechanical pressure resulting from manipulation probably 
causes an ab normal bloo d distribution. 

’ tu = V’sd’An — l)n. 
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furnisliwl in llic sumination of thn percentage^! of the individual tissue com- 
ponents. 

No attempt was made citlier to force feed or to establish new feeding 
habit.s, ns wn-s done by Higgins ct al. (5). It was found that following a 
30 Imiir fast the rats ate a fairly uniform weight (about 10 gm.) of glucose 
paste. 

Zero time was taken ns 9 a.m. The bod}- weight at this time is recorded 
ns an initial value. It is the Aveight following a nocturnal period of feeding 


TAni.K I 
Anah/tieal Da In 


d 




Avcfftf:e IxxJy weight 


Averape per cent in liver 

V. 






. 







D 

11 

E 

1 

DietRO* 

procedure 

•1 

n 

O 

d 

«A 

e 

*3 

V 

tc 

< 

Initia! 

iA 

< 

JZ 

tn 

|| 

< 

Idvcr weight 

ft* 

u 

«l 

Protein 

■5 

a 

Glycogen 

< 




days 

gn. 

gn. 

gn. 





■ 

■ 

1 

Fnatcd 30 

8 

105 

277 ±4.3 

247 


0.89 ± 0.20 

70.3 

22.40 

6.50 

0.14 

0.64 


lira. 












2 

Fasted 30 

8. 

110 

209 ±4.7 

241 


0.98 ± 0.11 

70.2 

18.5 

5.86 

4.95 

0.63 


lire., fed 

12 hrs. 












3 

ti 4( 

0 

100 

270 ± 7.0 



9.45 ± 0.41 

71.3 

10.16 

4.08 

7.81 

0.57 

4 

„ .< 

7 

110 

208 ± 9.0 



8.48 ± 0.50 

09.4 

10.43 

4.43 

8.90 

0.64 

5 

Fasted 4S 

7 

no 

271 ± 5.1 

243 

235 

6.48 ± 0.24 

70.4 

22.01 

6.03 

0.31 

0.64 


lira. 












6 

Fasted 48 

8 

105 

270 ± 3.7 

244 

240 

0.82 ± 0.15 

09.4 

18.3 

4.59 

G.47 

0.67 


lira., fed 12 
lira. 












7 

Fasted 24 

5 

100 

275 ± 7.0 



8.29 ± 0.30 

71.9 

20.10 

0.15 

0.06 

0.57 


hrs. 












8* 

(f It 

14 

100 

237 



O.C ± 0.24 

71.2 



0.3S 


9t 

Fed agar 24 

0 

100 

270 



6.40 

71.6 

22.0 

4.44 

0.10 

0.74 


hrs. 













* Unpublished data (1939) of Guest and McBride, 
t These data have been published (1). 


on the stock diet. During this period the rats eat intermittent!}’ begin- 
ning at about 8 p.m. Therefore, since no attempt was made to deter- 
mine Avhen they stopped feeding, what is referred to as a 24, a 30, or a 48 
hour fast really represents a somewliat longer period. Guest (4) has shown 
that at about 9 a.m. the liver glycogen is at a high and uniform level, 
judging from the precision of the analyses. 

The rats Avere selected so that the mean body Aveight is nearly the same 
for each successive group. All the rats AA-ere fasted and the experimental 
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groups were then fed glucose for 12 hours. According to the recalculated 
data of AlacICay and Bergman, the maximum increase in non-glycogen 
solids occurred following a 48 hour fast and a subsequent 12 hour feeding 
period. Two of the experiments (Nos. 5 and 6) would have been more 
nearly comparable to those of MacKay and Bergman if the rats had been 
compared on the basis of their weight following a 48 hour fast. Instead, 
the author has chosen to adjust the liver weights to a uniform initial body 
weight of 270 gm. This facilitates comparison of groups fasted for different 
time periods and also comparison with some earlier data (1). This method 
of adjustment is based upon the linearity of the relationship of liver weight 
to body weight observed by Higgins et al. (5). However, in Experiments 
5 and 6 both the initial and the final body weights at the end of a 48 hour 
fast are given. Therefore, adjustment can be made on either basis. The 
final adjusted values and the conclusions drawn by either method of cal- 
culation are much the same, because the fasting weight levels are the same 
for comparable groups within the probable limits of error. 

A 48 hour fast may have a fairly severe physiolo^cal effect in view of 
the fact that Richter (6) found that rats survived about 4 days when 
deprived of food. For this reason the fast was reduced to 36 hours in 
certain experiments. 


DISCUSSION 

A comparison of the values for the non-glycogen solids in Table II shows 
that in no instance is there an accumulation of these solids when the gly- 
cogen reaches a high level. In fact, a loss of solids occurs which loss par- 
allels that of the body weight and increases with an increase in the length 
of fast. In Table III are given the approximate values for the percentage 
loss of these solids with a variation in the length of fast. This loss occurs 
whether or not the liver has been synthesizing glycogen. The precisionof 
the values of the non-glycogen solids indicates that the probability varies 
between 10 to 1 and 100 to 1 that these losses are significant. The data of 
Higgins et al. (5) show a loss under fasting conditions. 

It had been hoped to employ the data in Table II to establish on a 
sounder basis the relationship of water to glycogen and possibly to protein. 
Judged both from the constancy of the non-glycogen solids and from the 
distribution of tissue components, there are two sets of experiments which 
appear to be ideal for comparison. Thus, Experiments 1 and 3 jdeld a 
ratio of glycogen to water of 1:2.7, which agrees with that previously re- 
ported. But, it necessitates a comparison of two groups which differ 
in age and come from different colonies. If the liver weights of these rats 
of unlike age had been compared on the basis of body area, as recommended 
by MacKay and Bergman (2), they might not appear to be comparable. 
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But, this need not alter the ratio ohsen'ed. On the other hand, Experi- 
ments ‘1 and T), wliicli should he strictly comparable, yield a ratio of 1:1,9. 

Taum: II 

Diatrihulimi of Timtur Components 


Tlio VJlluc.‘^ an? ''al)Holulo” wciKlil.a adjusted to 270 Rm. of initial body weight, 
measured in Rin, 


a 

i> 

E 

u 

Ui 

Dietary 

procedure 

Averanc 

wei/cht 

1 

Average wcir^t of component 

per liver | 

Ratio of 
plycoscn to 
water 

Adjusted liver 



rro- 

tein 

MpMs 

Glyco- 

gen 

Ash 

1 

j 

Pasted 30 

0.73 ± 0.12* 

1.9.S ± 0.03.5 

4.71 

1.51 

0.4.37 

0.009 

0.013 



hrs. i 





1 





Fasted 30 

7.00 ± O.II 

1.73 ± 0.032 

4.92 

1..30 

0.410, 

0.340 

0.014 

1:2.2 


hrs., fed 




1 

1 





12 hrs. 

i 









It tl 

0.24 ± 0.30, 

1.91 ± 0.001 

0.58 

1.49 

0.432 

0.720 

0.053 

1:2.7 

4 

II II 

S.54 ± 0..35 

1 .80 db 0.053 

5.92 

1.41 

0.378 

0.700 

0.051 

1:1.9 

5 

Fasted 4S 

0.45 ± 0.18 

1.89 ± 0.001 

4.51 

1.42 

0.389 

0.020 

0.041 



lira. 









C 

Fasted 48 

0.82 ± 0.00 

1.05 ± 0.018 

4.73 

1.24 

0.312 

0.442 

0.045 

1:1.7 


hrs., fed 










12 hrs. 


j 







B 

Fasted 24 

8.19 ± 0.21 

! 2.30 ± 0.038 

5.89 

1.01 

0.504 

0.005 

0.017 


B 

hrs. 


1 


! 

! 




B 

It It 

7.50 

2.19 

5.35 


1 


j 


9 

Fed agar 

0.40 

I l.Sl 

4.03 

1.41 

0.280 

0.000 

0.048 



24 lirs. 


I 

1 i 








TAnr.E III 


Approximate Loss in Non-Glycogcn Liver Solids 



IDuration of experiment 

1 

1 

Approximate per | 
cent of solids , 
lost 1 

Based upon 
experiments No. 

During fasting 

hrs. 

24th to 3Gth 

9.6 

1 and 8 


24 th “ 3Gth 

13.9 

1 •“ 7 


3Cth “ 4Sth 

3.5 

1 " 5 

Following glycogenosis 


12.6 

1 ** 2 



C.O 

1 " 4 


■KlIBiH 

13.6 

5 " 6 


These ratios were calculated by use of a mean value for the ratio of non- 
glycogen solids of 1 ;2.4 from Experiments 1 and 5. 

In Experiment 2 the glycogen level is low because the rats were fed only 
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one-half their normal intake of glucose. This may account for the rela- 
tively greater loss of solids observed in this instance. 

It was noted that the rats drank very little water during the glucose 
feeding. This was particularly true in Experiment 6. Richter (6) also 
noted this low water intake in glucose feeding. Furthermore, most of the 
glucose-fed rats exhibited a marked distension of the stomach due to gas. 
There was no diarrhea as reported by Sinclair and Fassina (7). It appears 
that some rats cannot tolerate a high glucose intake, which in this instance 
approaches 3 per cent of the body weight. Such an intake is probably far 
enough in excess of the rate of absorption to result in a disturbance of the 
water balance.’ Some evidence for this disturbance is furnished in the 
values for the percentage of liver water. These values are equal to ap- 
proximately 70.3 d= 0.3 per cent in both Experiments 1 and 5. Therefore, 
fasting from the 36th to the 48th hour does not alter the water content. 
But, feeding glucose for this interval, or from the 48th to the 60th hour, 
reduces it to approrimately 69.4 ± 0.2 per cent, as is shown in Experi- 
ments 4 and 6. This difference (0.9) is statistically significant. On the 
contrary, feeding glucose for this interval should increase the water content 
to more than 71 per cent, as it does in Experiment 3, in order that the ratio 
of glycogen to water remain 1 : 2.7. It has been shown in previous data (1) 
that under normal feeding conditions the percentage of water does not 
decrease with an increase in the glycogen content. It is not possible to 
attribute the difference in behavior of the rats in Experiment 3 to a solitarj^ 
factor. They differ from the others as to age, strain, and stock diet. 
Sinclair and Fassina (7) have shown that the previous diet can alter the 
rate of glucose absorption. Perhaps some strains of rats exhibit cyclic 
liver changes under these conditions. This would explain the great in- 
crease in solids noted in the recalculated data of MacICay and Bergman. 

Recently, MacICay and Drury (9) have shown that a large percentage 
of absorbed glucose is converted to fat. The present data indicate that, 
at least for the 12 hour period, the liver may not be involved in this process. 

In Table IV are given the values of the ratios of protein and of lipids 
each compared to the non-glycogen solids. The fact that these ratios re- 
main fairly constant in Experiments 1 to 6 inclusive indicates that these 
proteins and lipids constitute an essential part of the cell and do not repre- 
sent storage materials. Evidently, when the liver loses solids following a 
36 hour fast, it is whole cells which are lost. This is apparentlj' not true 
of either the agar-fed or 24 hour-fasted rats. Of course, this does not take 
into account the cyclic variations studied by Higgins el cd. (5). 

It is of interest that the lipids here reported are composed of approm- 

• Holmes (8) found that glucose in amounts sufficient to disturb the fluid balance 
markedly would not generally elicit the drinking response in dogs. 
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matcly GO per cent of material prccij)itnble by acetone from a petroleum 
etlier solution. Since this fraction (pre.snmabh’ crude phospholipid) is 
quite hydrophilic, it may not be .safe to assume that the cell lipids are 
not associated with water in some manner. This is in contrast Avith evi- 
dence discu.s,scd (1) concerning stored fat. 

Concerning Precision — This type of cx})erimcnt demands a high degree of 
quantitative comparability between the rats. The factor contributing 
most to the attainment of this comjrarability is probably the selection of 
tlic rats. The c.xtcnt. to which it was attained, as indicated by tlie pre- 
cision, is reasonably good in view of the small number of rats employed. 
A comparison of the mean deviation of the mean for the unadjusted and 
adjusted liver weights indicates that adjustment improves the precision. 
It is thought that a belter jrrcci.sion could be attained by selecting the 


Taiii.i: IV 

Conslaiicy of Composilioti of Liver Solids 


Kxi»cfinicn( No. 1 

i 

Kalioi; 

i I’rotein to non-glycogcn 5olid^ j Ijpirf'i to non*fr!ycoiren solids 

" 1 

I 1 

i 0.762 

! 0.221 

2 ' 

0.750 

0.23C 

3 

0.7CC 

0.222 

4 

0 757 

0.203 

5 1 

0.743 

0.204 

c 

0.750 1 

0. ISO 

7 1 

0.714 j 

0.21S 

° i 

; 1 

0.15S 


rats to conform over a considerable time period to the standard grorvth 
curve of Zucker and Zucker (10). The precision could be further improved 
by adjusting the initial body Aveiglits for food intake. 

The Fisher table (11) of values of t has been used in estimating the 
probability of significant differences. 

SUMMAIIY 

1. When rats are fasted for 3G or 48 hours and then fed glucose for 12 
houi-s, there is no increase in the non-glycogen liver solids at high glycogen 
levels. On the contrary, there appears to be a loss of these solids which 
loss increases with an increase in the length of fast. 

2. In some rats the feeding of large amounts of glucose may result in a 
disturbance in the AA'ater balance even though a diarrhea does not occur. 

3. Evidence is offered to shoAV that folloAving a 36 hour fast it is essential 
cell constituents and not storage materials Avhich are lost by' the liver. 
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4. Possible alterations in the water balance and variations in the non- 
glycogen solids of the liver are complicating factors which make it dif- 
ficult to calculate reliable values for the ratios of water to individual tissue 
components. 
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NON-OXIDASE NATURE OF KIDNEY “LACCASE” 

Bt DWIGHT L. BAKER* and J. M. NELSON 
{From the Department of Chemistry, Columbia University, New York) 

(Received for publication, November 27, 1942) 

Owing to studies made in these laboratories on some plant oxidases, it 
was thou^t to be of interest to study the enzymatically active material 
observed by Cadden and Dill' to be present in cell-free kidney extracts. 
The observations made by these investigators led them to conclude that the 
material might be a polyphenol oxidase of the laccase type. Preliminary 
results obtained in the present study soon showed that the active prin- 
ciple is not a laccase, nor even a true oxidase, and for this reason it was de- 
cided not to pursue its study any further. Nevertheless, this active prin- 
ciple in the kidnej’’ extracts is of considerable interest and hence it was 
thought that the results obtained in the preliminary study might be worth 
recording in the literature. 

Fresh ground swine kidneys were extracted overnight with 40 per cent 
acetone as described by Cadden and Dill. The extracted material was 
precipitated from the filtered 40 per cent acetone by the addition of 3 
volumes of acetone. An aqueous solution of the precipitate thus obtained 
was then made 0.4 saturated with ammonium sulfate and the precipitate 
formed discarded. The filtrate thus obtained 4%’as then made 0.8 saturated 
with ammonium sulfate and the resulting precipitate taken up in water and 
dialyzed. The dialyzed solution was heated to 80°, cooled, filtered, and 
the precipitate which formed discarded. The resulting filtrate was ad- 
justed to pH 4.5 and the active principle adsorbed to kaolin, followed by 
elution with 0.2 m secondary sodium phosphate, and finally dialyzed against 
distilled water. Satisfactory yields were obtained in each of the above 
steps. The solid matter in the final solution contained 15.6 per cent 
nitrogen and 0.03 per cent copper, indicating that it was a crude copper- 
bearing protein. The copper content increased as the purification pro- 
gressed. This preparation catalyzed the aerobic oxidation of hydroquinone 
as reported by Cadden and Dill. 

The enzymatic activity of the preparation was measured by means of a 
Warburg respirometer, with reaction mixtures consisting of 1 cc. of enzjme 
preparation, 2 cc. of 0.1 .m phosphate buffer, yielding a pH of the final 
reaction mixture equal to 6.5, 50 mg. of hydroquinone, 20 mg. of sodium 
benzene sulfinate, and sufficient water to make the final volume equal to 

* Upjohn Company Fellow in Chemistry. 

' Cadden, J. F., and Dill, L. V., J. Biol. Chem., 143, 105 (1942). 
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8 cc. Tlic volume of tlic Warburg reaction flasks was approximately 45 
cc. A control was found nccessarj' for correcting for the autoxidation of 
the hydroquinone. The concentration of hydroquinone required for the 
optimum rate of oxygen uptake was found to be in excess of 0.1 m. The 
maximum rate of oxygen uptake was not reached until the exToeriments 
had been in progre.ss from 10 to 20 minutes. Ex'tending the time of the 
e.xperiment be 3 'ond this length resulted in a gradual decrease in the rate of 
oxygen uptake. The addition of .sodium benzene sulfinate to the reaction 
mi.xturc not onl}' increased the rate of oxygen uptake at low hj'droquinone 
concentrations, but also resulted in a steadj' rate of oxygen uptake for at 
least 3 hours. Under the above conditions the best preparation caused an 
oxygen uptake of 7 c.mm. per minute per mg. of drj* weight. 

It was found that in the oxidation of the lydroquinonc, catnlj'zed by the 
enzyme preparation, h 3 'drogcn peroxide was formed. This was demon- 
strated b 3 ’ means of catalase. Although it was found that the activity of 
the catalase was graduall 3 ' destT 03 ’cd when the latter was added to the 
reaction mi.vturo, this inactivation was not so rapid but that considerable 
hydrogen peroxide could be decomposed For instance, when catalase 
was added to the reaction mixture after 30 minutes of cnz 3 Tnatic oxidation 
of the hydroquinone, a rapid evolution of gas, presumably oxygen, oc- 
curred. The rate of oxygen uptake, however, gradualb' returned to the 
original value. The addition of lydrogen peroxide at this stage of the 
experiment caused no evolution of ox 3 ’’gcn, showing that the return of the 
rate of oxygen uptake to its original value was due to the added catalase 
having become inactive. 

In addition to h 3 ’-droquinone, the kidne 3 ' axtract catab^zed the aerobic 
oxidation of catechol, homocatcchol, and adrenalin. Its activit 3 ’^ towards 
these substances was, however, less than towards h 3 'droquinone. The 
extract was found to show no activity' towards ascorbic acid, p-phenydene- 
diamine, dihy^droxymaleic acid, tyTamine, p-cresol, pyrogallol, homogen- 
tisic acid, or 2,3-dihydroxynaphthalcne. 

When the enzyme preparation was heated at 100° for 15 minutes, the 
activity towards hydroquinone was diminished by 75 to 100 per cent. All 
the activity was lost when the enzyme solution was acidified to pH 2 and 
then brought back to pH 6.5. Potassium cymnide in concentrations of 
0.004 M and 0.017 M inliibited the activity 17 and 62 per cent, respec- 
tively. Sodium azide in concentrations of 0.002 m and 0.01 M inhibited 
the rate of oxygen uptake 5 and 28 per cent, respectively. When a small 
amount of ascorbic acid (0.15 mg.) was added to the reaction mixture, a 
lag period of 90 minutes occurred before any appreciable oxygen uptake 
took place. The final rate of oxygen consumed, after the lag period was 
over, was the same as though no ascorbic acid had been added. 
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DISCUSSION 

Although the active constituent of the kidney extract is surprisingly 
heat-stable, the results given above strongly support the view that it is 
an enzymatically active protein. In particular may be cited (o) acid 
inactivation, (b) nitrogen content, (c) purification methods used, and (d) 
substrate specificity. On the other hand, the enzyme can hardly be classed 
as a true oxidase, i.e. belonging to the same class as cytochrome oxidase, 
tyrosinase, laccase, sweet potato catecholase, ascorbic acid oxidase, etc., 
because it brings about only an incomplete reduction of the oxygen mole- 
cule resulting in the formation of hydrogen peroxide. In this respect the 
enzyme from kidney extract resembles more closely those of another class 
some of which are miscalled "oxidases,” among which may be mentioned 
uricase, d-amino acid oxidase, and xanthine oxidase. 




THE AUTOLYSIS OF INVERTEBRATE TISSUES 

Bt SAMUEL BELFBR, PEARL KORAN, HOWARD EDER, and H. C. BRADLEY 

(From the Laboratory of Physiological Chemistry, University of Wisconsin, Madison, 
and the Marine Biological Laboratory, Woods Hole) 

(Received for publication, November 10, 1942) 

It has been well established that the gross mechanism involved in atrophy 
and autolysis is the same in all vertebrate tissues thus far examined (1). 
Proteolysis is accomplished by an enzj'me complex called cathepsin. 
Further cleavage of the primary fragments is earried on by peptidases. 
While it is certain that there are large quantitative differences in the distribu- 
tion of these enzymes in different tissues of the same species, and in the 
homologous tissues of different species, this field has not yet been ade- 
quately explored. 

No systematic studies have been made to determine whether this or a 
similar mechanism is also to be found among the invertebrates, and very 
little is known concerning the phenomena of atrophy and tissue mobiliza- 
tion in this group. A number of isolated observations have been made, 
which indicate that an autolytic mechanism is present in invertebrate tis- 
sue. Thus Chen and Bradley (2) reported a comparative study of muscle 
autolysis which included squid and Busycon muscle, and indicated a low 
order of activity as compared -with vertebrate muscle. Bishop (3) showed 
that the larval “fat body” of the honey-bee undergoes disintegration during 
pupation and showed an increased proteolytic rate at that time. Many 
studies have been made upon the digestive enzymes of invertebrates based 
upon their extraction from tissues. The interpretation of these results 
must remain doubtful, since the proteinases reported may be autolytic 
rather than food-digesting in function. In general also, these older 
observations were made before accurate control of the pH was possible 
and before the phenomenon of activation had been discovered. It will 
not be profitable therefore to review this literature. The more recent and 
accurately controlled experiments on invertebrate digestion have been 
reviewed recently by Vonk (4). In a number of investigations cathepsin 
IS reported as a digestive enzyme, but its possible function in an autolytic 
role is not considered (5). The present study was planned therefore as a 
preliminarj' sun'ey of the autolytic behavior of such invertebrate tissues 
as could readily be obtained in sufficient quantity at Madison, Wisconsin, 
and Woods Hole, Massachusetts. 

Our sampling of the phyla is obviously limited. The two annelids exam- 
med were the common earthworm Lumbricus Icrrestris and Nereis virens, 

345 



AUTOI-YBIS OF tN’VERTKnn.\TK TISSUES 


IMG 

representing re.s])cctively n Inncl form iind a sen form. Among the Mol- 
lusca we liave studied tlio marine lamcllil)ranclis Fern/s mcrccnaria and 
Pcclcn magcUicus and tlic fresli-watcr forms Lampsilis, Anadonia, and 
Lasinipona; the marine gastropod Btisycon was studied and the cephalopod 
LoUpo pcalii. llovinrua amcncanui; and tlic large edible shrimp Penm 
sclifera roj)resent the Crustacea. Lwitilu.t polyplicmns represents the 
Arachnids. 

In the case of the ^vorms and the lamellibranchs the whole organism wa.s 
used. It is obvious that such digests reprc.scnt the jiroteinases of the 
various ti.ssucs together with such digestive enzymes ns may normally be 
secreted into the intestinal tract. The results obtained with Nerds, 
Linnbn'cus, and the lamellibranchs can only be provisionally interpreted, 
since it was not possible to separate the digestive system and its enzj'mcs 
from the other tissues. In the other fonns we were able to study single 
tissues, just ns has been done with vertebrates. 

KXFEUIMr.NI Al. 

Dige.sts were prepared and .set up as described in a previous paper (1). 
Hemoglobin was added to some digests as a foreign protein of known fragil- 
itj' to supplement the ti-^suc proteins themselves, of whose availability 
as substrate little is known. The presence of this c.xtra substrate may 
serve to disclose a proteolytic enzyme even when the cell proteins them- 
selves arc not fragmented. Digests were maintained at the initial pH 
by frequent readjustments during the first 3 days of autolysis with the 
glass electrode. The pH levels u.scd were 2.0, 3.0, -J.O, 5.0, G.O, and 7.5. 
In the case of Lvmihts eggs intermediate levels were also used. Samples 
were precipitated by trichloroacetic acid of 5 per cent final concentration, 
and digestion measured bj' the increase in soluble nitrogen in the filtrates 
and by the increase of the tyrosine color reaction. In some digests we were 
unable to avoid the development of white precipitates with the tyrosine 
reagents, but, as they can be quickly remoi'ed by centrifugation and do 
not carry down the color compound, no inaccuracies of color measurement 
ivere involved. All digestions were carried on at 38° unless otherwise 
specified. In some cases the activating cfl'cct of cysteine and the inhibiting 
effect of KlOa were tried, to discover further similarity’ to vertebrate tissue 
proteinases. 

Nereis — The whole organism was ground fine and homogenized. The 
digestion curve represents a composite of tissue proteinases plus those from 
the digestive tract and glands. From the shape of the curve (Fig. 1) 
it is clear that this mixed material contains proteinases predominant!}' of 
the tryptic type, with optimum pH at about 7 to 8. The fact that diges- 
tion goes on at pH 2 to 4, however, indicates the presence of proteinase 
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active in this more acid range. A very similar curve is given by hog 
pancreas under identical conditions, when both trypsin and cathepsin 
are known to be present (6). Cysteine and KlOa produced little activation 
or inhibition respectively. Raw hemoglobin is digested best at pH 8, 
which indicates that an enzyme is present not identical with mammalian 
trypsin, to which undenatured hemoglobin is resistant. For the present, 
the evidence indicates an active tryptase and a less active proteinase rvith 
an optimum in the region of pH 3 to 5. 

Angleworm — ^The entire organism was used. Proteolytic activity (Fig. 
2) is shown by this composite material between pH 3 and 7.5, with a definite 
optimum at pH S. This also suggests several overlapping proteinases or a 
generalized enzyme active over a wide range. 



Lobster Muscle — Material was obtained from the tail and leg muscles 
free from other tissues or secretions. Fig. 3 shows a low order of proteolytic 
activity with only a small digestion of hemoglobin in the 10 day period. 
A pH of 3 is optimum, with some digestion proceeding between pH 4 and 6. 
Cysteine did not activate digestion, though KlOj gave significant inhibi- 
tion. This probably indicates complete activation of the system by the 
Euifhydryl compounds already present in the tissue. The failure of hemo- 
globin to be digested in the neighborhood of pH 6, while the muscle proteins 
arc digested, seems to indicate a tryptase superficially not unlike mam- 
malian trypsin. It is evident that lobster muscle protein can only be 
mobilized slowly for general use by this organism. 

Lobster Digestive Gland — ^The hepato-pancreas of the lobster is believed 
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to be a inic digestive organ secreting into the gastrointestinal tract. Our 
study of this t issue was preliminary and berause of lack of time and material 
was adequate only to show that jiroteolysis at pTI 4 is so rapid as to be 
nearly complete in 21 hours, with much greater liberation of tyrosine than 
in most of the inverlcbratn tissues we have examined. At pll 7.5 digestion 
is also quite good, though less rapid and complete. Cysteine shows a 
slight activation at pll *1 (Table I). 

Shrimp I^fusclc — Refrigerated .shrimps were obtained and the caudal 
muscle dissected free from the intestine and .shell. The figures indicate a 
small total digestion, with a sharp maximum at pH 3 and no significant 
digestion at pll 5 and above, which is essentially the same ns that for 
lobster muscle. Added hemoglobin was not digested at an}' pH tried. 

Venus — Whole living clams were ground fine. The digestive m.ass, or 
midgut gland, makes up about GO jier cent of the entire soft tissues, and is 
richly supplied with the phagocytic cells which carrj' on the digestion of the 

Taolk I 


Lobster, Digestive Gland 



pH 

Mr. t>'TC<ine p^r 1 cc. filtrate 


0 clay 

1 day 

J cl.iys 

1 S diys 

10 dsyi 

nnnfrnl 


W 

0.27 

0.29 


0.33 

(1 


KiiW 

0.10 

0.43 


0.49 



BB 


0.C3 

KR! IH 

0.C3 

" " cysteine 

B 

0.09 

B 

0.49 

0.53 

0.53 


fine particles accepted as food by this form. According to Yongc (7) 
digestion of food proteins is accomplished by these wandering colls in the 
lamellibranchs and no proteolytic enzymes are secreted into the gut. 

Two enzj'mes arc clearly indicated (Fig. -1 ) . The predominant one shows 
a maximum autolysis and digestion of hemoglobin at pH 3 to 4, with a great 
deal of activity even at pH 2+. This type of enzyme we have found char- 
acteristic of molluscan tissues. It resembles vertebrate cathepsin grossly 
and is stronglj" activated bj' e 3 "steine and inhibited bj' KIOj. A second 
maximum, much smaller, is found at pH G.5, which suggests a tryptase. 

Anadonia and Lampsilis — These medium sized, thin shelled, fresh-water 
clams arc abundant in the hladison lakes and wore obtained in the fall 
just before the winter resting period. The whole animals were used, and 
the curves of autolysis are veiy similar to those of the sea-clam just de- 
scribed. Digestion of the clam tissue is very rapid and is complete in 5 
days. No tiyptase was found. 

Lasmigona, a thick shelled clam often weighing 400 gm. or more, gives 
an identical digestive pattern. 











BELFEK, KOUAX, EDER, AND BRADLEY 


349 


Pectm Muscle — The large adductor muscle of this bivalve is readily 
obtained refrigerated in the market. While not perfectly fresh, it had been 
kept frozen and probably represents the living muscle fairly well (8). 

Fig. 5 indicates a very small amount of am enzyme similar to that of the 
bivalve just reported. Hemoglobin is digested slowly, which confirms 
the impression of a very small amount of enzyme present. Cysteine pro- 
duces a slight activation and KlOa a slight inhibition. This tissue is 
strikingly stable. Although it makes up about half the total soft tissue 
of the animal, it evidently cannot be easily or rapidly mobilized for use by 
the organism as a whole. It is rich in glycogen, and acts as a fuel reservoir. 
Functionally it is rather inert as a contractile mechanism, though it is 
capable of making a series of rapid contractions by which the scallop occa- 




sionally moves about. In this respect it is the most active bivalve muscle 
that we have studied. 

Squid Tentacles — The squid is the most active of the invertebrates 
examined, and the most highly developed. It is in constant motion and 
capable of bursts of great speed for short periods. It cannot support a 
sustained high speed effort, however, and is quickly fatigued to the point 
of helplessness. It is said not to survive long in captivity because of its 
constant activity and the difficulty in providing food which it will take. 

The tentacles were removed and immediately washed to remove salivary' 
secretion ejected from the mouth in the premortal struggles. We suspect 
that the tryptic enzyme found in these digests was due nevertheless to such 
contamination. 

Autolj'sis is much more rapid and extensive than in other molluscan 
muscles we have examined. In Fig. 6 the characteristic sharp peak is 
shown at pH 3. 

Squid abdominal muscle shonn almost exactly the same digestion curve 
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(Fig. 7) MS (hat of Mic tonfaclc.s except, for (lie fact, that there is less evidence 
of a tryptase. 

Bustjeon, Pedal .l/».vc/( — Tlu' pedal mu.scle of this largo gastropod makes 
up nearly 50 per cent of the total animal, exclusive of the shell. ^^Tien 
contracted it. is a firm hard ma.‘''s which can he easily obtained free from 
contaminating tissue or fluid. It is very diflicultly dispersed, however, 
even by repeated grinding and homogenizing, and remains unsatisfactory 
for .sampling. In (he more acid digests the particles soften .somewhat and 
become scmigelatinous. There is little or no gro.ss evidence of digestion 
under an.v conditions. Bccau.se of the diniculties of .sampling, the indi- 
vidual results are subject to large errom. However, from many experi- 
ments, the curves shown in Fig. S arc believed to be characteristic and 
reproducible. 



Fia. 6 Fio. 7 Fio. 8 


There is very little autolysis in 10 days at any pH. There appears to ho 
slight digestion in high acidity, which falls off to a minimum at pH 5 and 
shows a slight increase at pH 7.5. The slight increase of reactive tyrosme 
compounds is so small as to make it doubtfid whether we are measurmg 
autolj'sis. There docs seem to bo a slight digestion of hemoglobin between 


pH 1 and 3, which is probably evidence of a trace of active proteinase pres- 
ent. Altogether the pedal muscle of Bxtsycon resembles most closely the 
inert adult connective t'ssues of the mammal, such as cartilage, yellon 
elastic and collagenous masses of ligaments, and tendons. Functionally 
the muscle is verj"^ slow moving and stands at the bottom of our muscle 
series so far as active contraction is concerned. It is well supplied with 
glycogen, lilce most molluscan muscle, but can hardly contribute protem 
significantlj’^ for general use of the organism. Wo have no data to indicate 
whether atrophic changes ever do occur in this muscle during starvation. 

Albwniniferoits Glaxid — A few ripe females were obtained in which the 
egg capsule-secreting gland was well developed and ready for capsule 
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formation. When ground, this tissue forms a stiff gummy mass rather 
hard to handle satisfactorily. It is loaded wth the precursor of the protein 
that forms the insoluble string of “purses” within which the embryos 
develop. It was unlike any other glandular tissue we have examined, in 
that autolysis was very .slight, with a maximum at about pH 3, of the same 
order as that found in the pedal muscle. There was considerable digestion 
of hemoglobin, however, at this pH, which indicates that the enzyme is 
not lacking but that the tissue proteins themselves are not available for 
cleavage by it (Table II). 

The egg capsules themselves are composed of a highly insoluble protein, 
which is not digested in pepsin-HCi or active trypsin solutions. The gland 
presents, therefore, some interesting problems in protein transformation 

Table II 


Busycon, Capsule Gland 



pH 

Mg. tyrosine per Icc.fihratc 

Oday 

3 days 

S days 

10 days 

Control 

1.7 

0.023 

0.032 

0.040 

0.043 


3.0 1 

0.023 

0.055 

0.057 

1 0.058 


3.5 

0.023 

0.042 

0.047 

0.050 

! 

4.5 

0.023 

0.026 

0.026 

0.037 


6.3 

0.023 

0.027 

0.037 

0.037 


7.5 

0.023 

0.031 

0.042 

0.041 

“ andHb 

1.6 

0.025 

0.058 

0.064 

0.072 


3.0 

0.025 

0.100 


0.115 


3.3 

0.025 

0.100 

0.135 

0.155 


4.2 

0.025 

0.055 

0.058 ’ 

0.058 


7.5 

0.025 

0.033 

0.045 

0.054 


from the viscous precursor to the insoluble final product of secretion, after 
it has come in contact with sea water. 

Digestive Gland — ^The digestive gland of Busycon shows verj' strong 
proteolytic activity. With the exception of the hepato-pancreas of the 
lobster and the eggs of Ldmnlus, it is the most active invertebrate tissue 
we have found. It shows the characteristic sharp peak at pH 3 common 
to all mollusoan tissues we have examined, with a secondary low' optimum 
around pH 6 to 7, indicating a tryptic enzyme present in small amount 
(Fig. 9). The gland itself has been reported to contain no trj’psin-like 
enzyme (9), while the salivarj' glands do. It is believed to be absorptive 
rather than secrctorj' in function. The low trj'ptic acth-ity shown here is 
probably due to the presence of some salivary secretion in the absorbing 
diverticulae of the gland, which could not be entirely excluded from 
the material. 
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Liinulu}! poli/phnnuK—Scvcriil large females were scciircfl heavily loaded 
with mature eggs. The latter could be .se|)aratccl easily from ducts and 
ovarian tissue, washed, and obtained uneontaminated. The muscle was 
dissected free from other tissue.s and from blood and hepato-pancrcas. 

^fusclc — Muscle tissue autolyzc.s with a sharji optimum at pH 3. Diges- 
tion between pH 2 and 3 is rapid and nearly complete in 3 days. There is 
no digestion at. pH G and 7.5, and only a very .small protcoly.sis proceeding 
.slowly at i)IT 5. Between j)II 3 and 5, notably at j)H 4, digestion proceeds 
slowly, hut finally attains nearh' maximum proteolysis (Fig. 10). Hemo- 
globin is digested best at j)]! 3, but not at all at j)!! 2 or 5. The sharpness 
of the digestive curve is the striking feature of this ti.ssuc. 

llcpalo-Pancrcax of Limulus — 3’ho brown ma.sscs of (his ti.ssiic can be 
rcadil}' freed from oviducts and eggs. It is homogenized to a smooth 




suspension susceptible of accurate sampling. Two optima were found, 
one at about pH 3.5 which indicates a cathepsin, the other at pH 7.5 or 
more which indicates a tryptase (Fig. 11). 

Eggs — The opaque gray-green eggs, with a diameter of about 2 mm., are 
obtainable in quantity from the gravid females during the early summer. 
By using screens it is possible to obtain the eggs entirely free from con- 
taminating material. They are not easily ruptured even by fairly rough 
handling in the process of separation and cleansing. Thej’ arc ground up 
easily into a smooth creamy suspension and arc quickly homogenized to a 
uniform fine dispersion except for the tough egg membranes. The disper- 
sions are so uniform and the particle sizes so small that digests may be 
sampled with the regular fine tipped pipettes. 

A preliminary autolytic series showed that digestion was extraordinarily 
rapid and complete, and that activation by ej’^steine was considerable, as 
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was inhibition by KIO3. A second series was set up with eggs obtained 
from two large females and maintained at a room temperature of about 
24° in order to slow the digestion rate. After 12 days the digests were 
transferred to the warm room at 30°. The intermediate curves are there- 
fore not strictly comparable to the others presented here, though the final 
digestion figures are. 

As Fig. 12 shows, there is no digestion at all at pH 2. At pH 2.5 diges- 
tion is rapid. In the early hours of digestion the optimiun is sharp and 
close topH3. Itgradually shifts to pH3.5 as the process continues, and when 
final equilibrium is approximated the optimum zone is broader and extends 
nearly to pH 4. Digestion is almost zero at pH 5, and there is no evidence 



of proteolysis beyond that point. It is evident that verj- small sWfts in 
the H ion in the neighborhood 'of pH 4.5 will cause extraordinarily large 
differences in the amount of protein mobilized and in the speed of this 
mobilization. Cysteine increases the digestion rate and extent at all pH 
levels wliere digestion normally occurs. KIOj inhibits strongly, at the pH 
optimum, but digestion continues slowly. The results are strikingly sim- 
ilar to the digestion of mammalian liver for example, except that the curx-es 
arc smoother, narrower, and more sharply defined. This is due in part to 
the fact that this material can be prepared in a homogeneous suspension 
which lends itself to accurate sampling and analysis. The symmetry of 
the cun-es and the narrow pH range surest that a single protein consti- 
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tiites tlie substrate, or, if more t)inn one j)rotcin is concerned, at least 
that isoelectric points and fragility of the proteins present arc much alike. 

The significance of the n\itoIytic mechanism in the eggs appears to be 
clearly a jn-ovision for the mobilization of .stored protein into amino acids 
for the .synthesis of new ti.ssue protein in the developing embryo. 

niscussio.v 

From the results of the limited .sampling of invertebrate tissues here 
])re.sented, it. aiipears i)robable that an autolytie mechanism exists through- 
out the invertebrate field, superficially at least like that found in all verte- 
brate tissues. Cleavag(' is initiated by a i)rotcinasc whose .maximum 
activity is found to be close to pi 1 .3, and whose elTcetivc range is from pH 2.5 
to 5. In some ti.ssue there may be additional protcinases which act best 
near the neutral point or in slight alkalinity. T)ie amount of activity, or 
enzyme prc.sent, and the availal)ility of the tissue proteins vary greatly. 
This variation finds its counterpart in mammalian tissues also. In com- 
paring muscles of the several .species of molluscs studied we find evidence 
that functional activity of the contractile mechanism correlates with its 
autolytie activity, as appeai-s to be the c.a.se with vertebrate muscle. 

As a general rule wo have found invertebrate tissue ])rotcinase to be sus- 
ceptible of activation by cysteine and of inhibition by KIOj. In some 
instances there is no activation, but the inhibitor}' effect of the oxidant is 
significant. In these cases it sccm.s probable that the enzyme is already 
full}' active when the tissue mince is prepared, and the brilliance of the 
nitroprussidc reaction in such tissues is in harmony with this explanation. 

Our tentative conclusion therefore is that a catheptic type of proteintise 
is widely distributed in invertebrate tissues and initiates the autolytie 
mobilization of the tissue proteins. Its optimum appears to be somewhat 
more acid than that found in vertebrates. In certain forms we believe the 
autolytie mechanism also functions as the digestive proteinase — specifically 
in the lamellibranchs in which a tnie proteolytic secretion into the gut is 
doubtful and in which the primitive device of phagocytosis appears to be 
the only provision for securing amino acids from the food particles. 
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The enzymes which oxidize lower saturated fatty acids are difficult to 
study because of their great instability. It has been found (1) that butyric 
acid can be oxidized by liver tissue even after the cell structure has been 
destroyed. The oxidizing system is inactivated more rapidly in the ab- 
sence of oxygen, and the addition of fumarate increases the rate of 
oxidation. 

An enzyme preparation from rat liver, which oxidizes higher fatty acids, 
was described by Lang (2). Adenylic acid acted as a coenzyme and the 
reaction product was the corresponding unsaturated acid (3, 4). Previous 
work has been reviewed by von Euler (5) and Lang (2). 

Further work on the oxidation of butyric acid and of other acids by 
washed preparations of liver has revealed the identity of some of the com- 
ponents of the oxidizing system. 

EXPERIMENTAL 

Methods — Butyric acid was estimated as previously described (1) after 
precipitation of the proteins with zinc sulfate and sodium hydroxide. Al- 
kaline evaporation was omitted. Phosphate was estimated according to 
Fiske and Subbarow (6) after deproteinization with 1 volume of cold 5 
per cent trichloroacetic acid. The phosphate liberated in 7 and 60 minutes 
b3' 1 N hydrochloric acid at 100° and by hypoiodite, accordmg to Lohmann 
and Meyerhof (7), was also estimated. Oxj'gcn uptake was measured uith 
Warburg manometers. 

Adenylic acid was prepared as described by Lohmann (8). Cj'tochrome 
from muscle extract (9) was dried with 4 volumes of cold acetone and kept 
in a desiccator (about 10 per cent pure). Solutions in 0.1 m sodium chloride 
were prepared each day. 

E.xperiments were carried out in Erlenmej’-er flasks with shaking at 25° 
and in air. 

Inaclivation of Enzytnc System — Homogenized liver tissue is inactivated 
more rapidly in the absence of oxygen (1). Before an attempt was made 
to purify the system, it was considered convenient to find out whether oxy- 
gen acted on the coenzj'mes or on the enzj’me proper. The e.xperiment in 
Table I shoTO that the preparation which becomes inactive after 10 minutes 
anacrobicallj' is reactivated bj' a heated extract of liver. 

355 



35G 


rATTV ACID OXIDATION DY KNmiEI? 


If more time is allowed to elnppc, the enzyme becomes inactive mth or 
without oxygen and is no(. reaefivafed by the licnfcd extract. However, 
this length of time is sutheient to obtain a partial purification if the tem- 
perature is kept low. 

Preparation of Enzyme — Guinea pig liver removed immediately after 
death was washed with ice-cold water, cut with sci.ssors, and again washed. 
The Iksuc was then transferred to a stainless steel tube closed at one end 
(2.5 X 25 cm.) containing •] volumes of water. A steel ball (diameter 0.5 
mm. smaller than the tube) fi.xed at the end of a rod was forced into the 
tube and moved vertically. After GO double e.vcursions of the ball an 
adequate rupture of the cells wa.s obtained. The whole procedure was 
carried out at the lowest possible temperature without freezing. After 
0.1 volume of 1 m magnesium chloride was added, the preparation was 

Taulk I 

Influence of Oxygen on Stability of System 
Rat liver was Iiomogcnircd in 1 volume of 0.1 M .■lodium cldoridc and filtered 
through mu.slin. One-lmlf was kept at 25” in oxygen, the other half in a test-tube 
without oxygen during 10 minutc.s. 2 ml. portions were added to Erlcnmcyer flasks 
containing 0.2 ml. of 1 m fumarate -f- 2 ml. of water or heated liver extract (5 minutes 
at SO” in 1 volume of water). Total volume, -1.2 ml. 


Treatment of homoRcniift! liver | 



riiermcla 

8.7 

11.3 

O.C 

i 10.7 

1 

II II II ^ heated extract 

Without** 

“ “ -g heated extract 



filtered through muslin and centrifuged 5 minutes at 6000 r.p.JI. in a cooled 
centrifuge. The precipitate was suspended in 3 volumes of water, homog- 
enized, and 0.1 volume of magnesium chloride was added. The 
suspension was again centrifuged and the washing repeated twice more. 
Tlie precipitate after the fourth centrifugation was suspended in 3 to 4 
volumes of 0.1 Jt fumarate or 0.03 m sodium chloride according to the 
experiments. The whole procedure lasted about 40 minutes. The ac- 
tivity and degree of purity of the preparation depend on the degree of 
cell rupture, on the volume of liquid used in washing, on the temperature, 
and on the time the preparation remains suspended in pure water. 

If the cell rupture is insufficient, a clean preparation is obtained only 
after many washings. If it is excessive, the preparation becomes inactive. 

The suspension of the precipitate in water produces not only hemolysis 
and the removal of many cell substances but also produces inactivation m 
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a few minutes. To prevent this inactivation only 20 to 40 seconds should 
elapse between the suspension in water and the addition of the magnesium 
chloride solution. The addition of salts preserves the activity and makes 
the centrifugation easier. Magnesium chloride is better than sodium 
chloride because it produces a greater insolubility of some active 
components. 

At 0° the enzyme lasts 2 to 3 hours, less at a higher temperature. 
Freezing produces complete inactivation. 

Owing to all these factors and to the variable composition of the liver, 
the resulting preparation varies somewhat in activity and purity. With 
one or two more %vashmgs a cleaner preparation is obtained, but the danger 
of inactivation is increased. Even with the procedure as described inactive 
preparations are sometimes obtained. 

Table H 

Components of Oxidation System 

Disappearance o/ butyrate produced by 2.5 ml. of liver enzsmaes + 0.2 ml. of 1 st 
fumarafe + 0.2 ml. of m/1S phosphate buffer of pH 7.7 + 0.1 rhl. of 0.1 it magnesium 
chloride + 0.5 mg. of cytochrome c preparation + 1 mg. of adenylic acid + 17.3 
micromoles of butyrate. Total volume, 6 ml.; 90 minutes at 25° in air. 



Butyrate disappearaoce 

Complete Bystem 

mieromoles 

8.2 

micromoles 

8.9 


1.9 

2.6 

fuxnarate 

3.0 

2.6 

** cytochrome c 

-1.2 

-1.2 

“ adenylic acid 

-0.9 

-1.0 


Components of Oxidation System — ^The washed tissue is completely 
inactive by itself, but will oxidize butyrate when a heated extract of liver, 
kidney, or heart is added. The fractionation of these heated extracts led 
to the identification of several components, as is shown in Table II. 

In the absence of phosphate or fumaratc the system showed a slight 
activity, but not comparable mth that of the complete system. In the 
absence of cytochrome or adenylic acid the preparation was completely 
inactive. 

In these experiments the enzyme was prepared with magnesium chloride. 
In other e.xperiments in which sodium chloride was used in the preparation 
it was found that the system was inactive in the absence of magnesium or 
manganese. 

The optimum concentration of phosphate appears to be about 0.01 xt, 
although the results varied somewhat with different preparations. With 
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0.002 ,M II slij!;Iitly Kinallcr (li.'^apjnaimncc of butyrate was obtained. This 
was the amount u.sod in tlie exprrimcni.s in wliicli phosphate wa.s c.stimated. 
Tlio optimum concentration of fumiiratc under tlic same conditions was 
found to be 0.0,3 m. Witli Rrcatcr or .‘iinaller concentration.s there was a 
dccrca.so in activity. IMalate jiroved to be miieli Ie.«.s active than fiimaratc 
in inereasinp: tlie rate of oxidation of butyrate, and .succinate was inactive. 
Witii vnryinp amount.s of adonj'lic acid the activity wa.s as follow.s; 

Adenylic ncid, wg 0 0.2 0,.'> 1 2 4 

ItuljTiito diHnppcarnncn, mi’rrnmote.'! 0 f) 0.9 11 11-7 11.7 

Adenylic acid can be replaced b.v adenyl pyro])ho.sphatc. 

Table III .show.s the rc.snit.s of an experiment in which the oxygen uptake 
was also measured. 

TAni-K III 

Components of Oxidation System 

Tlic composition of the system wn.s ns in Tnblo II. The oxygen uptake was 
measured in 3 ml. nliquot.s and calculated for C ml. in micromoles of o.xj'gen. 



Oxi'eta uptake 

Butyrate 


With butyrate 

N’o butyrate 




mUfCMfi/rs 

niermtla 

Complete system 

45.0 

33.2 

9.5 

No fumnrntc 

2.6 

10. 0 


" phosphate 

30.2 

21.2 

3.6 

'* adenylic ncid i 

10. S 

11. S 

-0.1 

" cytochrome j 

5.0 

4.3 



The highest oxygen uptake was found in the complete system with 
butyrate. Hotvever, even without butyrate the oxygen uptake is rather 
high, owing presumably to the oxidation of fumarate. The relation be- 
ttveen o.xygen uptake (after subtraction of the blank) and butyrate dis- 
appearance is 1.2; i.c., about 1 molecule of oxygen per molecule of butj'rate. 
The butyrate oxidation in the absence of added phosphate was probably 
due to the impurity of the enzyme rvhich contained 0.6 micromole of in- 
organic phosphate. 

Oxidation of Other Acids — Tlie oxygen uptake of some compounds related 
to butyrate was measured wdth and without adenylic acid (Table IV)- 
Butyrate and crotonate are the most rapidlj’' oxidized. The latter also 
needs adenylic acid. Isocrotonate also gave an increase in o.xygen uptake 
but smaller than did crotonate; the sample used was not pure and may 
have contained some crotonate; nevertheless the experiment shows that 
it is oxidized more slowly than crotonate. /S-Hi'droxybutyrate gave a 
small increase even in the absence of adenylic acid. 
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Table IV 


Influence of Adenylic Acid on Oxidation of Butyrate and Related Compounds 
Oxygen uptake in 30 minutes at 25° by 3 ml. of the complete system as in Table 11 
leith or without adenylic acid. Substrate concentration 0.003 m. 


Substrate 

[ Adenylic acid 

Oxygen uptake 


i 

tnicretslers 

42 

it 

■f 

101 

dl-^-Hydroxybutyrate 


S3 

fl 

+ 

126 

Crotonate 

- 

24 

a 


185 

Isocrotonate 


23 

tf 

+ 

139 

Butyrate 

+ i 

172 



Table V 

Oxidation of Various Acids 

Oxygen uptake in 30 minutes at 25° of 3 ml. of the complete system as in Table II 
with different acids (concentration, 0.003 m). The figures given represent the uptake 
in mioroliters after the uptake with no substrate which is given in the top row is 
subtracted. A negative sign indicates an oxygen uptake lower than with no sub- 
strate. 


No substrate 

83 

94 

102 j 

155 

107 

Formate 




-6 

-11 

Acetate 



9 i 

10 


Propionate 

-5 

-17 



15 

Lactate 



7 

6 1 


Pyruvate 




22 

-1 

Butyrate 

63 

83 

76 

49 

72 

Isobutyrate 


6 


34 

41 

a-Bromobuty rate 

-14 1 




3 

Valerate 

SO 


80 



Isovalerate 

2 i 


12 


30 

Hexanoate 


109 



80 

Heptanoate 

58 i 


99 



Octanoate. ... . . 

113 i 

25 




Decanoate j 



-48 

-141 


Dodecanoate 



-SO 

-136 

I 

Stearate 


-25 



1 5 

Pnlmitate i 

-1 j 

-66 



j 

Oleate | 


-73 

-84 




As Table V shows, the oxj'gen uptake was greatest with butyrate, 
valerate, he.xanoate, heptanoate, and octanoate; less with isobutjTate and 
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isovalcralo. Kc.suK.s wilh fonnato, ncoliito, lactate, pynivatc, propionate, 
and a-Iiromobiit.yrate were doubtful, while decanoate, dodecanoate, ste- 
arate, palinitate, and oleale showed a decrease in the oxygen uptake. 

Changes in Phosphalr — A.s .ahovni in 'J'nble A'l, in the complete system 
without butyrate there occurs an uptake of inorganic phosphate. This 
uptake is very small in the alisence of adenylic acid. In the absence of 
cytochrome or fvimaratc there is an increase in inorganic phosphate which 
is liberated from the enzyme prcfiaration which contains about 7 micro- 
moles per ml. of bound phosphate. 

T.mii.k VI 

Changes in Inorganic Phosphate. 


The complete •■sj’stern was n.s in Tnhle II. The rrsults nrc Riven in micromoles. 



InItUI j 

1 

No bulyrale 

Wilh 

butyrate 

Butyrate 

disappear* 

ance 

Complete sjmtcm 

15. G 


11.8 

14. G 

No cytochrome 

15. C 


20.1 

0.4 

" fumaratc 

15.1 

20.-1 

18.2 

G.5 

" adenylic acid 

15.2 

M.l 

1G.4 

0.9 


TAnim VII 

Changes in Phosphate Fractions 

The complete system was ns in Table II. The results arc given in micromoles. 
Each figure is the mean of duplicate estimations not differing by more than 3 per 
cent. 


Complete oxidation system 

1 Inorganic P j 

P hydro- 
lyzed in 7 1 
min. in m 
IIC l al 
100* 

P hydro- 
lyzcil in 60 | 
min. in N , 
HCl at ' 
100* 1 

r liber- 
aled by 

Titra. 
tion 
with 
hypo- i 
iodite* 

Butyrate 

disap- 

pearance 


Initial | 

Final 

lodite 

With butyrate 

mm 

10. 5 

0.9 

1.9 

1 

1.2 

1 

0 1 

7.3 




12.1 

5 7 

4.7 i 

1 

12.2 




■H 


• Corresponds to the iodine consumed by the samples in alkaline medium and 
calculated as pyruvic acid (G equivalents of iodine per mole of pj'ruvic acid (”))• 


When butyrate is present, the final amount of inorganic phosphate is 
larger than in the control tvith no butyrate. The difference is all accounted 
for by a greater formation of phosphopyruvic acid and of adenyl p 3 *rophos- 
phate, as is shoum in Table VII. Tests for labile phosphate of the phos- 
phocreatine tj'^pe (10) or of the acetyl phosphate tj'pe of Lipmann (H) 
invariably gave negative results. All these experiments have been repeated 
many times with the same results. 

With low concentrations of fumaratc or when none is added as in Table 
VI there occurs a smaller disappearance of butyrate, while the increase m 
inorganic phosphate does not occur. 
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With acetate, jS-hydroxybutyrate, and acetoacetatc no changes in in- 
organic phosphate 'occurred, while with propionate, valerate, hexanoate, 
ootanoate, decanoate, and stearate an increase in inorganic phosphate 
was found as with butyrate. 

Inhibitors — ^Fluoride produced a complete inhibition of the disappearance 
of butyrate at 0.01 m, and about 80 per cent at 0.002 st. The same inhibi- 
tion was obtained with iodoacetate. Arsenate also acted as an inhibitor, 
as did malonate. The latter effect is unexpected, because in liver slices 
malonate increases the spontaneous formation of ketone bodies and does 
not inhibit the OMdation of fatty acids. Methylene blue acted as an 
inhibitor at 0.01 per cent and had no effect at lower concentrations. 

Oxidation Product — Many experiments have been carried out in order 
to measure the amount of acetoacetatc and jS-hydroxjhutyrate formed. 
Variable results have been obtained, but as a rule hardly any acetoacetatc 
was formed and the amount of /3-hj'droxybutyrate corresponded appro.xi- 
mately to the amount of butyrate which disappeared. The oxj'gen uptake 
corrected for the blank corresponded to about 1 molecule per molecule of 
butyrate. However, owing to the lack of specificity of the method and to 
the variable results, it is considered that fiuiher work is necessary before 
the results are published. 


DISCUSSION 

The preparation of enzyme systems which are as labile as that which 
oxidizes butyrate is important, because it is likely that many physiological 
reactions are catalyzed by such systems. The procedure which is de- 
scribed may be useful in studies on tissue metabolism even if it yields im- 
pure preparations only, and often inactive products. 

It is interesting that some of the components of the system which have 
been identified (fumarate, phosphate, magnesium, and adenylic acid) are 
also involved in the oxidation of carbohydrates and their derivatives. 
Perhaps this will give some clue on the relation between fat and carbohy- 
drate metabolism. 

The oxidation appears to be in some way coupled with a phosphorylation. 
Inorganic phosphate, adenylic acid, and magnesium which are known 
components of phosphorylating sj'stems are needed for the oxidation. The 
specific inhibitors of phosphorjdations (fluoride, iodoacetate) also inhibit 
the oxidation of butyrate. The changes which occur in the distribution of 
phosphate are difficult to understand. In the absence of fatty acids, 
fumarate is transformed into phosphopyruvate or into a substance that 
gives the same reactions, as has been found by Kalckar (12), and adenylic 
acid becomes phosphorylated. VTicn butyric acid is oxidized, hardly any 
phosphopyruvate or adenyl pyrophosphate is formed. This does not 
appear to be due to an inhibition of fumarate oxidation, because the oxygen 
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tipt.nko is liipli. With (li(> ollior saltirnlcd arid.s (5 to 8 carbon atoms) the 
results are similar. Propionate, wliieb rloe.s not inereasc tlio oxygen uptake 
anci (lisajiiiear.s at only alioiit 20 per rent of the rate of Irutyratc, produces 
(l\e same elianges in pliospliat(^ n.s Imtyrate doe.s. Decanoate and stearate, 
wiiieli derrease tlie oxygen uptake, al.so i)rodured tlie.se change.s. 

'I’lie oxidation of fumarate appears to be nere.s.sary for obtaining the maxi- 
mum sjieed of Imtyrate di.sappearanre. 'I'lie merhani.sin of this o.xidation 
lias been diseiissed by lai>manii (13). Sureinato i.s oxidized by the .system, 
but probably fumarate is not formed in .sufiieient amounts to produce an 
cfTert. Malate is le.s.s aetive than fumarate. 

Our .system does not oxidize higher fat ty neids ns does the enzyme prepa- 
ration deseribed by l.ang ft o/., although it contains adenylic acid and the 
method of preparation does not difTer very much from theirs. However, 
the experimental conditions were .slightly different because they measured 
the reduction time of methylene blue. Furthermore their enzyme is more 
.stable and does not oxidize lower fatty acids; the addition of methylene blue 
to our enzyme did not enable it to oxidize higher fntty acids nor did it 
reactivate the enzyme after .st.anding overnight in the ice box. 

SU.M.MAUY 

The prejiaration of an enzyme .sv'stcm from liver which oxidizes lower 
saturated fatty acids i.s de.scribcd. Inorganic phosphate, fumarate, c.vto- 
chrome c, adenylic acid, and magnesium or manganese ions were found to 
bo necessary components. 

Fluoride, iodoacetato, amcnatc, and malonatc inhibit the o.xidation. 
The changes occurring in phosphate distribution have been studied. 

It is a pleasure for us to thank Dr. B. A. Houssay for his constant en- 
couragement and interest in this work. 
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In the colorimetric determination of choline two methods are preferred : 
(a) determination as choline iodide (Roman (1)), (6) determination as the 
reineckate of choline (Beattie (2)). 

Precipitation of choline by Reinecke salt, a method of adequate sensi- 
tivity, is perhaps the most widely employed method for the determination 
of this substance which can then be determined colorimetrically by means 
of the reddish color imparted to acetone by the reineckate of choline (Beat- 
tie). However, only rather concentrated solutions furnish sufficient color 
for accurate determinations by this method. 

Rossi, Marenzi, and Lobo (3) studied photometrically the method for 
determining chromate ion (CrOi"), based on the reaction of Cazeneuve (4) 
which can be used for the determination of chromium in reineckates. 
This method has been used by us as the basis of a new method for the deter- 
nunation of choline, which is much more sensitive than those existing at 
present. We have also studied the use of Beattie’s method for the estima- 
tion of choline. 


EXPERIMENTAL 

Preparation of Reineckate of Choline — The reineckate of choUne was 
prepared in a pure condition, according to the directions of Kapfhammer 
and Bischoff (5). About 0.5 gm. of choline chloride was dissolved in 
100 ml. of distilled water and 100 ml. of a saturated solution of ammonium 
reineckate were added, acidified with a few dropsof HCl. The precipita- 
tion of the reineckate of choline is immediate, but the preparation is kept 
m the refrigerator for 12 hours in order to assure total precipitation. 
The precipitate is separated by centrifugation and washed twice with 96 
per cent alcohol and once with ether. It is then dried in vacuo over 
sulfuric acid. 

The choline reineckate is analyzed by determining its nitrogen by the 
Kjeldahl method and chromium as chromic anhydride (CrjOj) after ashing. 
The results obtained from nitrogen determinations were largely unsatis- 
factorj', while the results obtained from ashing agreed with the theoretical 
Values. 

Analysis of Choline Reineckate — CrsO>. Calculated, 17.99; found, 18.2 
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In view of (lie tiii.satisfaclory n-.stilts (Icrivccl from the nitrogen deter- 
inimUioiis-, a purification of the Fait and a new determination were 
undertaken. 

To purify (lie eliolitu! reineekale, the .«alt was' di.ssolvcd in the least 
quantity of acetone and (iltercfl. The filtrate was diluted with a few 
cIrojKS of water, followed hy shaking each time, until small brilliant cr)’stals 
appeared. 3'he solution was then kept in the. refrigerator overnight to 
eomplele the precipitation. Tlu* ery.stals were centrifuged, washed once 
with 90 j)er cent alcohol and once with ether, and then dried in mcuo over 
sulfuric acid. 

The nitrogen content of the choline reincekatc was low, the same as 
the value.s obtained before purification, while the determination of chro- 
mium a.s the anhydride gave satisfactory result.s. 

Aualijsix of liccriinlnlli-cd Cholinr Uriorckatr — CrtOi. Catcill.itcd, 17.99; found, 
1S.35 

The .salt thus prepared was u.sed in the experiment.s to be mentioned 
later. 

Photometric Study of Beattie Method 

The Pulfrich photometer wa.s used in a study of the determination of 
choline according to the method of Peattie, with the. choline reineckatc 
which wo had proiwred. 

The solubility of eholinc reineckatc in aqueous acetone solutions of 
various concentrations was studied initially. Since acetone is a volatile 
solvent, it is inconvenient to use. It was found that GO per cent acetone 
in water constituted a less volatile solvent which instantly dissolved choline 
reineckatc. Lower strengths of acetone did not dissolve the salt com- 
pleteljq or else gave rise to a precipitate after some time. 

Standard Solution of Choline Reineckatc — 3-l.SG mg. of the salt, equiva- 
lent to 10 mg. of choline, were dissolved in GO per cent acetone; so that 
each ml. of this solution was equivalent to 100 y (0.1 mg.) of choline. 

Choice of Filter — AVith this solution and a 30 mm. cube, the results of 
Table I were obtained. The low intensity of color in the solution renders 
necessary the use of a thicker cube in order that the readings may faW 
within the useful range of the photometer. The maximum absorption 
was noted with Filter S-53. Brante (6) advised the use of Filter S-50, 
which has a lower absorption, but did not indicate the basis of this prefer- 
enee nor details of the photometric observations. 

Calibration Curve — Varj'ing concentrations of choline reineckate were 
prepared in 10 ml. volumes of 60 per cent acetone. The readings were 
made with a 30 mm. cube and 60 per cent acetone. From these results 
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the specific extinction coefiicient was calculated for 10 mm. thickness and 
for a concentration of 1 mg. of choline in a volume of 10 ml. (Table II). 
The specific extinction coefiicient thus derived was 0.0921 and the calcu- 
lation of concentration was made according to the formula 

— - — X Ek = 10.85 X Ek •= mg. choline in sample 
0.0921 

The results show that up to 500 y of choline can be determined on a 
volume of 10 ml. It is nevertheless possible to increase the sensitivity 

Tabce I 


Choice of Filter toilh Acetone Solutions of Choline Reinechate 


Filter No. 

Masm&l absorption, icqm 

Ef, » extinction, 30 mm. cube • 

S-43 

430 

0.118 

S-i7 

463 

0.130 

S-50 

494 

0.232 

S-53 

530 

0.280 

S-57 

572 

0.13S 

8-61 

619 

0.025 

S-56 

666 


S-72 

729 


S-7S 

750 



Table II 


Determination of Specific Extinction Coejficient Ee of Solutions of Choline Reinechate 

Cfaolbe 

Eft, 50 mm. cube 

£9 “ speciSc extinction coefftcieni, 

10 mm. thickness, I mg. choline 

per iOml. 



1.0 

0.278 

0.0925 

0.8 

0.220 

0.0915 

0,6 

0.165 

0.0915 

0.4 

0.112 

0.0931 

Average 


. . , , 0.0921 


of the reaction by using a smaller volume of solvent and then using micro 
cubes for the readings, but under these conditions it is difficult to deter- 
mine concentrations below 100 y of choline. Therefore, we continued to 
study the new technique for the determination of choline, as described 
below. 

fictcrminalion of Choline by Eslimation of Chromium in Choline Rcincdcalc 

The proposed method is based on the o.xidation of the chromium of 
clioline rcineckatc to the chromic state by means of alkaline hydrogen 







Sflfi 
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pc'i'oxicle (i)erliy(lrol), followt'd I)y rolorimclrit; dotorniinntion of chromate 
by incnns of Ihn color prodiiccfl in iicidic solution with n solution of di- 
l)hcnylc!irha7.id(! (Car.onouvc’fi reaction). The inten.«ity of the color was 
mca.siircd with the Pnlfrieh pliofonieter. 

The technique of thi.s determination is riesrrihed below, hut the pre- 
liminary e.vperiment.s are friven first. 

}{ca{irnls — 

Saturated .solution of ammonium reineckate in rlistillcd water, prepared 
at the time of u.sing. The concentration of the solution is approximately 
d per cent. 

90 per cent alcohol. 

GO per cent acetone. 

lO per cent NaOII. 

Perhydrol. 

10 per cent (by volume) II^S 04 . 

0.2 per cent diphcnylcarbazide in 9G jrer cent alcohol. This solution 
at first has a faint ro.sy color, which becomc.s darker after a few days, but 
the solution can be u.sed, ncvertheic.ss. 

Method — The amount of choline to be determined varies between 15 
and 100 y dissolved in wjitcr rendered slightly acid with dilute HCl. The 
volume of sample may range between 1 and 3 cm. The sample is placed 
in a centrifuge tube with a slender end (±3 mm.) and an equal volume of 
an aqueous saturated solution of ammonium reineckate. The tubes arc 
then placed in ice water for at least 20 minutes to complete the precipita- 
tion of choline. Longer chilling docs not affect the results. 

Tlic precipitate is separated by centrifugation for -1 minutes at 3000 h.p-M- 
Previous chilling of the copper tube carriers is helpful, as an increase m 
temperature favoi-s the solution of the i)recii)itatc. 

At the end of the period of centrifugation, the supernatant is separated 
by means of a small capillary tube with a fine end inovidcd with a suction 
bulb. The liquid is removed as completely as possible without loss of the 
precipitate. The precipitate is then washed by running 0.5 ml. of 96 per 
cent alcohol, previously chilled in ice water, down the side of the centrifuge 
tube. The washing should be carried out with care lest some of the precipi- 
tate be lost. The alcohol is mi.xed with the residual liquid in the centrifuge 
tube by inclining the tube until it is almost horizontal and the tube is then 
stirred rapidlj'. This procedure is repeated two or three times, so that 
the excess of ammonium reineckate remaining after decantation is greatly 
lessened. 

The tubes are chilled a few minutes and centrifuged as above. The 
washing is then repeated Avith 0.5 ml, of cold 96 per cent alcohol under the 
conditions mentioned above. The supernatant liquid after this second 
washing is almost colorless, but a third Avashing maj' be necessary'. 
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The choline reineckate thus obtained is dissolved in about 1 ml. of ace- 
tone, warmed if necessary, and the solution is transferred to an ordinary- 
test-tube. The centrifuge tube is then washed two or three times mth 
I ml. of 60 per cent acetone and the washings are transferred to the same 
test-tube. The following are then added, 1 to 2 ml. of water, 0.2 ml. of 
sodium hydroxide, and 0.1 ml. of perhydrol for each 50 y of choline in the 
sample. An excess of perhj'drol does not interfere but unnecessarily pro- 
long the period of heating in order to destroy the excess. 

The test-tube thus prepared is placed in a boiling water bath. At first 
the heating must be conducted carefully, since the rapid evaporation of 
acetone may induce spattering. After most of the acetone is eliminated, 
the tubes are kept in the bath for 20 to 30 minutes, being .shaken frequently 
in order to assist the decomposition of the perhydrol which must be com- 
pletely destroyed, as otherwise no color -will form. The final heating is 
conveniently carried out over a naked flame for a few seconds to insure 
the complete destruction of the perhydrol. 

During the heating on the water hath the liquid acquires a yellow color 
from the formation of chromate; occasionally the initial color due to the 
chromate is deepened by a color produced by other substances, an indica- 
tion of insufficient perhydrol. In this case, 0.1 ml. more of perhydrol is 
added and the heating is continued as described above. 

After the oxidation of the chromium, the tubes are cooled, diluted with 
3 to 4 ml. of water, 2 ml. of sulfuric acid are added, and sufficient diphenyl- 
carbazide solution is added to yield a final concentration of 8 per cent. 
A vioJet-ned color appears. The liquid is transferred to a suitable con- 
tainer and diluted to the appropriate volume. 

The color was measured with the Pulfrich photometer equipped with 
Filter S-53 and a cube of convenient thickness. The observed extinction 
(S),) is converted to the standard volume of i cc. The comparison cube 
contains a blank consisting of 2 ml. of sulfuric acid and 2 ml. of diphenyl- 
carbazide made up to 25 ml. nith water. 

Calculations — The specific extinction coefficient for 1 y of choline in a 
final volume of 25 ml. is 0.01 1 ; the calculation is therefore made by the 
following formula, 

1 y y 

0^ ^ ^ 25 ~ ^ ^ 25 niicrograms choline in sample 

Experiments — The proposed method was finally reduced to a determina- 
tion of chromium according to Cazeneuve’s reaction, the best conditions 
for which were studied by Rossi, hlarcnzi, and Lobo who considered the 
.selection of the filter, the effect of varying concentration of acid, diphcnyl- 
carbazidc, and of possible interfering substances. It is therefore needless 
to repeat this work here. 
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Ddcrmtnalioii of Specific Kxlinrlinn Coefficient of Choline — Tlic quantity 
of ciiromiito corrr.spoiuliiip; to choHno wnw cnlculntod from the formula 
of cliolino roinc'ckiifo ntul n solution of hnrium cliromnto was prepared 
in dilute IIC! eontnininp 20.0 jur. per rent, wliieh corresponds to 10 mg. 
per cent of choline; so Hint I tnl. of solution contained 100 y (0,1 mg.) 
of choline. Dilutions of choline from 1 to oO y were prepared from this 
solution, a volume of 2o ml. heinp used for quantities down to 10 y of 
choline and a volume of 10 ml. for smaller amounts. The results obtained 


Taiim; III 

DeUTiiiirinliou of Si>rfifir Eilinrtion CvrJJicitnt of Choline 


Ololinc j 

1 

! Volume of final diltition 

1 1 

y.\ rer cm. lljicknrsi 

^.ptrlrra.choliaem 

IS ml. 

7 

n/. 1 




25 1 

0.510 

O.OIOS 

•10 

25 i 

0.115 

0.0104 

25 

25 

0.2CS 

0.0107 

20 

25 

0.210 

0.0105 

10 ; 

25 ! 

0.115 

0.0115 

5 i 

10 ; 

0.M3 

1 0.0114 

1 i 

10 

1 

0.020 

0.0110 

A^’crago 



.... 0.011 


TAimr. IV 


Dclcnnination of Choline in Choline Rcineckale 


Choline calcubted 

1 Choline found 

Difftrence 

7 

7 

7 

50 

•18.17 

-1.S3 

30 


-fl.Sl 

25 


-0.46 

20 


-M.Sl 

10 

10.91 

^ -1-0.91 


are shomi in Table III. From these data it was calculated that the spe- 
cific extinction coefficient for 1 7 of choline in 25 ml. is 0.011. Tlie calcu- 
lation is carried out with the formula given above. 

Estimalton of Choline licincckalc — With choline reinecknte made accord- 
ing to the method previously described, a 34.S6 mg. per cent solution in 
60 per cent acetone was prepared. Each ml. of this solution is equivalent 
to 100 y of choline. Tliis solution was used for preparation of the dilutions 
mentioned in Table IV, which were placed in test-tubes and then subjected 
to the procedure previously described. The results were satisfactory. 





A. D, M.4REXZI AXD C. E. CAHDIXI 


369 


Potassium persulfate and silver nitrate were tried as oxidizing agents 
for choline reineckate, but the results were unsatisfactory. 

Erperimenls on Precipilation of Choline — solution of choline was deter- 
mined by the method of Beattie and various dilutions of it were prepared 
as shown in Table V. 

At first the effect of temperature on the precipitation of choline rein- 
eckate was studied, and it was shown that the precipitation was quantita- 
tive in the cold, was complete in 20 minutes in an ice water bath, and that 
a longer period in the ice water did not influence the results. The precipi- 
tation should be carried out in neutral or slighth' acid media. 

The effect of variations in the %'olume of liquid before precipitation was 
also studied. Satisfactorj’ results were obtained when the choline to be 

Tablc V 


Erperimenls on Precipilation of Choline 


Oiolioe 

calculated 

£a found 

Final volume 

Choline found 

Difference 

jError 

7 


nt. 

7 

7 

ferctnt 

66.&4 

0.730 

25 

66.35 

-0.59 

-0.88 

66.34 

0.700 

25 

63.63 

-3.31 

-4.94 

66.94 

0.760 

25 

69.08 

+2.14 

+3.19 

40.20 

0.440 

25 

39.99 

-0.21 

-0.52 

33.47 

0.3SO 

25 

34.54 

+1.07 

+3.20 

33.47 

0.390 

25 

35.45 

+1.98 

+5.92 

33.47 

0.360 

25 

32.72 

-0.75 

-2.24 

33.47 

0.372 

25 

33.81 

+0.34 

+1.02 

33.47 

0.366 

25 

33.27 

-0.20 

-0.60 

20.10 

0.240 

25 

21.81 

+1.71 

+8.51 

16.73 

0.420 

10 

15.27 

-1.46 

-S.73 

16.73 

O.ISO 

25 

16.36 

-0.37 

-2.21 

16.73 

0.172 

25 

15.63 

-1.10 

-6.57 


precipitated is contained in from I to 3 ml. and an equal volume of 
an aqueous saturated solution of Reinecke salt is added. 

Numerous preliminarv' experiments demonstrated that choline rein- 
eckate is rather soluble in the liquids used for washing the precipitate. 
This led us, in the first place, to decrease the volume of wash water, and, 
m the second place, to carry out the washings iritbout rcmovmg the 
precipitate. The most appropriate washing fluid is 96 per cent alcohol 
chilled in ice water. The washing is carried out with two 0.5 ml. portions 
of cold alcohol, decanted each time with the aid of a. capillary tube drawn 
out at the end attached to a suction bulb, without removal of the pre- 
cipitate. During the washing, great care is necessaiy to avoid loss of the 
precipitate through solution. Decantation must always be done carefullj’, 
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since (lie residual liciiiid wliicli contains iteincckc salt is a source of high 
values. When tliese prerantions are followed .strictl.v, the recover)- of 
cliolinc from solutions of known concentration is .satisfactor)-, as indicated 
l)y the results in Table V. 

If tlie solubility of choline reincckate is taken into consideration, to- 
gether with the small amouirt of matr-rinl which is precipitated, the results 
obtained will be seen to la* perfectly accei)l.able, evt'ii though the percent 
error may apirear excessive. Amounts of choline helow 15 y cannot be 
determined, since the error derived from the .solution of the precipitate 
becomes loo great . 


St*MM.\UY 

3'hc mcthofl for the determination of cholintr [rroposed by lleattie was 
studied phot omet rically . 

A new method for the determination of choline was established, based 
on the jirecipitation of choline as the reincckate and colorimetric deter- 
mination of the chromium in the precipitate, according to the method 
of Cazencuve. 

Under the conditions defined by us, this method allows choline to be 
determined in .samples containing as little as 15 y. 
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ON THE DETERMINATION OF THE PHOSPHOLIPIDS IN BLOOD 
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Our previous investigations on the determination of choline led us to 
study the application of the method to the determination of the phospho- 
lipids of the blood and to their distribution as lecithin, cephalin, and 
sphingomyelin. 

The early studies in this direction were devoted to determinations of 
some of these individual constituents. In 1929, Bloor (1) proposed the 
separation of the monoamino monophospholipids (lecithin and cephalin) 
by precipitation from acetone with magnesium salts, followed by oxidation 
with dichromate-sulfuric acid. Kirk, Page, and Van Slyke (2) in 1934 
estimated cephalin by determination of the amino nitrogen in petroleum 
ether solutions of extracts of plasma or tissues. Folch and Van Slyke (3) 
showed, however, that petroleum ether in the presence of phosphatides 
dissolves significant amounts of urea and amino acids from the residues 
of the alcohol-ether solutions, and that the redissblved urea and amino 
acids cause cephaUn values estimated from amino nitrogen to be much 
too high. 

In 1936, Thannhauser and Sets (4) described a method for the estima- 
tion of sphingomyelin by precipitation with Reinecke salt, for which 
modifications were later proposed. In 1938, Williams, Erickson, Avrin, 
Bernstein, and Macy (5), making use of the method for choline described 
by Beattie (6), suggested a method for lecithin and cephalin, based on the 
determination of the choline-P ratio of the monoamino monophospholipids 
precipitated with MgCli according to Bloor. Thannhauser, Benotti, and 
Reinstein (7) in 1939 published a method for lipoid P, choline phospholipids, 
and sphingolipids, from which cephalin was calculated indirectly. Some 
refinements of this technique were introduced by Erickson, Avrin, Teague, 
and Williams (8) in 1940, who also determined cephalin by difference. 

Brante (9) in 1940, making use of a similar method, calculated cephalin 
uidirectly from the ratio between choline phospholipid and total phospho- 
lipid. Blix (10) in 1940, on the other hand, determined total phospholipid, 
fatty acids, and glycerol, from which the sphingomyelin concentration 
could be calculated indirectly. 

Our investigations were based on those of Thannhauser, Benotti, and 
Reinstein. Total phospholipid was estimated by determination of lipoid P, 
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spIiinRoinyoIiii h.v iiroripifadoti with Kpirif’fko .«al(. nnrl dclermination of 
llio j)lio.spl)onis in tlin jirccijiitjitr, and cholint* j)lio5pliolipid.s after hydroly- 
.•lis. 'I’lio three jihosiiliolipids were determined from tlirsc values, cephalin 
heinp; determined iiy clitTerenee. If was found necessarj’ to study sepa- 
miely caeli step in tlie fraetionalion, and therefore earh step in the method 
used is descrilied in tlio followinp. 

r.x'Pi;iiiMi;NTAi, 

Extraction of Total Lipid — I’or exfraefion of jilasma lipids, Bloor used 
a mixture of 3 jiarts of flS per eiuit ethanol and 1 part, of ether and reex- 
tracted with petroleum other. 'I'he dilution of plasma was 1 to 19 parts 
of the alcohol-ether mixture. I'he .‘lamo technique Im.s been used by many 
workers. Thannhauser and .Set?; extracted the lipids from plasma or 
desiccated plasma with a mixture of equal j)arts of chloroform or methanol. 
This method has the advanfaKC of avoiding the prc.'cncc of water and a 
smaller amount of solvent is u.sed. 

A number of workers are not in ngreement as to the advantages of the 
reextraefion of the extract with petroleum ether according to Bloor. 
Wliilc Kirk and collaborators (2) believe llrnf reextraction with petroleum 
other gives good re.sults, Man (11), Ellis and I\Inynnrd (12), Williams and 
collaborators (5), and Erickson and eoworkers (S) maintain that petroleum 
ether docs not completely extract phospholipids. 

We Imvc compared extraction of plasma jjJiospholipids according to 
Bloor without reextraction with petroleum ether and with c.xtraction of 
plasma dried on filter paper by the same solvent. 

The following procedure was followed for extraction of lipids. An 
absorbent, fat- and P-free paper absorbs 2.5 ml. of plasma and is dried at 
50°. Drydng is complete in 10 to 20 minutes. The paper is cut into small 
pieces and placed in a 100 ml. flask. There are added 25 to 30 ml. of a 
mixture of 3 parts of ethanol and 1 part of ether, so that the paper is 
complete^ covered. The flask is then fitted uith a condenser and refluxed 
for 20 minutes on a water bath. The flask is allowed to cool a bit, and 
the liquid decanted into a 50 ml. test-tube. The paper left in the flask 
is washed four to five times with 5 ml. portions of alcohol-ether, the flask 
being heated slightly, and the washings are added to the test-tube, so 
that the final volume of cooled extract is 50 ml. In this manner, a plasma 
dilution is obtained similar to that of Bloor (1:20). 

Extraction b}’’ this method was compared with the Bloor method b.v 
determination of total lipoid P in the extract. Table I shows the results. 
Very similar results are obtained wdth both methods. Except in two 
instances, the Bloor method gives somewhat higher values, which am 
attributed to the error arising from the volume of the precipitate. Drymg 
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on paper allows the plasma to be kept for several days in good condition, 
as we have had opportunity to note. 

Determination of Total Lipoid P— This determination is carried out on 
10 ml. of the alcohol-ether extract, which is equivalent to 0.5 ml. of plasma, 
according to the technique of Fiske and Subbarow (13). If the determina- 
tion is carried out with the Pulfrich photometer with Filter S-75 and a 
10 mm. thickness, the calculation is performed according to the following 
equation. 

0.143 X a X ^ 28.6 X & = rag. % lipoid P 

0.5 

Lipoid P X 25.5 = rag. % phospholipid 

Determination of Sphingomyelin — The determination of this substance 
is based on its precipitability by Reinecke salt from methanol. 


Table I 

Comparison of Methods for Extraction of Lipids 


I*Usin» 1 

Method of Bloor ] 

Drying on paper 

Lipoid F 

■ Phospholipid j 

Lipoid P i 

Phospholipid 

1 

mt. per cent 

Pit. per cent \ 

ttif. per cent 

mg. per cent 

Dog { 

12.44 

317 i 

13.38 

! 341 

« 

14.01 

357 

13.79 

1 351 

41 

8.44 

215 

8.15 ; 

207 

Human 

7.01 

178 

6.58 

167 


7.87 1 

1 200 i 

8.01 1 

204 

tf 

5.92 

• 150 

5.86 

149 

<1 

j 6.95 

177 

j 6.86 

174 


In theory' the determination may be carried out in two ways; by deter- 
mination of P or by measuring the color of the precipitate. 

Colorimetry of the precipitate did not yield satLsfactory' results. An 
alcohol-ether extract is prepared from 250 ml. of plasma. The e.xtract 
is dried in a vacuum and extracted rvith chloroform to eliminate any free 
choline. The chloroform extract is then dried and taken up in methanol. 
An equal volume of saturated ammonium reineckate in methanol is then 
added and kept in the refrigerator overnight. 

The precipitate is centrifuged and washed \rith methanol, acetone, and 
ether. The ether dissolves enough of the precipitate to acquire a gray- 
green color. The washed precipitate is dried in vacuo over sulfuric acid. 

The phosphorus, chromium, and choline content of the reineckate of 
sphingomyelin thus obtained is determined in duplicate, with the results 
sho«Ti in Table II, in which the theoretical values for the reineckate of 
sphingomyelin are given according to Thannhauser and coworkers. 
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The results indie,nlc (lint phosphonis is the only component whose con- 
centration approaches the theoretical value. 

The precipitate contains a greater proportion of choline than of phos- 
phorus, an indication that the extract, in spite of rccxtrnction with chloro- 
form and washing of the precipitate with acetone, contains free choline. 

On the other hand, the jirecipitate has less choline than chromium, which 
would indicate, that Rcincekc salt precipitates something that is not 
choline, since the residual chromium (8.22 — 4.59 = 3.G3 per cent chro- 
mium) is almost equal to (he residual choline (14.G0 — 10.G8 = 3.92 per 
cent choline). If all the excess choline were bound as reincckatc, 1.56 
per cent of chromium would be fixed and 2.3G per cent of chromium would 
be left over ns the unknown compound. 

It was concluded from this study of the precipitation of sphingomyelin 
as the reincckatc that under ordinary working conditions it is not possible 

Taiii.k II 


Analysis of Reincckate of Sphingomyelin 



Calcubtnl 

Found 


jHgill 

(tr ml 

2.86 

niirnmiiim 


8.22 


10.es 

14.60 


rath 

3.89 

nth 

5.10 


2.33 

1.78 

Chromium-P 

l.GS 

2.87 




to determine sphingomyelin by determining the chromium in the precipi- 
tate, and that only the value for P is correct. 

In addition, numerous simultaneous determinations of chromium and 
phosphorus were carried out on the precipitates derived from the plasma 
extracts, but no constant ratio betw’ccn both these components was found. 
Their ratio varied from 1.70 to 2.90, indicating that the precipitate was 
not constant in composition, a logical conclusion from the results detailed 
above. 

We then hoped to determine sphingomyelin bj' determining phosphorus 
in the reineckate of sphingomyelin, although this would require the use of 
a greater amount of plasma. The method worked out is as follows: Place 
30 ml. of alcohol-ether extract in a 150 ml. beaker (equivalent to 1.5 ml. 
of plasma) and evaporate carefully on the w’ater bath, shaking and avoidmg 
overheating of the extract. The dry residue is taken up in methanol. 
2 ml. of methanol are added and carefully’' brought to a boil, half of the 
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liquid allowed to evaporate, and the remainder transferred to a 15 ml. 
centrifuge tube. The beaker is washed, with the same precautions, with 
three 1 ml. portions of methanol, and the washings transferred to the 
centrifuge tube, which should contain 2 to 3 ml. of a turbid solution of 
phospholipids in methanol. 2 to 3 volumes of a saturated solution of 
ammonium reineckate in methanol, acidified with a few drops of h3'dro- 
chloric acid and filtered at the time of using, are then added. The tube 
is stoppered and placed in an ice-water mixture for at least 1 hour. A 
longer time does not affect the results. 

Sometimes an abundant precipitate forms, and at other times a fine 
precipitate which settles easily. 

The precipitate is then centrifuged for 4 to 5 minutes at 3000 r.p.m. 
The supernatant is decanted by inversion of the tube, and the mouth of 
the tube is cleaned vdth filter paper. The residue is first washed with 
2 ml. of cold methanol, the precipitate being suspended in the liquid with 
the aid of a slender glass rod. The tube is restoppered and again chilled 
for 5 minutes, and centrifuged as before. The supernatant is decanted 
and the residue washed vith 2 ml. of acetone, the precipitate being sus- 
pended in the acetone as indicated for methanol. The tube is then cooled 
in ice water for 5 minutes, centrifuged, and decanted as before. 

The residue is then dissolved at room temperature in 1 ml. of 5 n H:S0< 
and is transferred to a large combustion tube to ash the phosphorus, 
according to the technique of Fiske and Subbarow. The centrifuge tube 
is washed twice with methanol-acetone to assure a quantitative transfer. 
The remainder of the procedure is the same as that followed in the deter- 
mination of total lipoid P. At the end of the combustion the residue is 
transferred to a 10 ml. tube wth the aid of several portions of water until 
a volume of 7 to 8 ml. is reached. As the solution thus obtained is always 
slightly turbid, it is convenient to filter it through a small fine filter, ■which 
is then washed. 

To the solution thus obtained are added 1 ml, of molybdate and 0.4 ml. 
of the reducing reagent. Water is added to bring the volume up to 10 ml. 
and the color is measured in a photometer 5 minutes after the reaction by 
use of Filter S-75 in a depth of 10 mm. 

The calculation of sphingomyelin is carried out according to the follow- 
ing equation. 

E X 0.071S X ^ £ X 4.767 = mg. % P 

X.5 

% P X 26.84 = mg. % sphingomyelin 

Various experiments were performed before the technique described 
above was established, having to do for the most part with the washing 
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of (lu! pixH'ipitsvtc, to (lotormiiu! whotlior it wns pOFsiblo to obtain a product 
with !i constant cbroininm-iiliosphoms rntio. 

It was also obscn'cr! (bat an excessive. nnmix.T of washings, as ad\iscd 
by hlrickson and collaborators, always leads to an appreciable loss of P. 
Also, ether cannot be used as the wash liquid for (be reincckatc of sphmgo- 
inyelin because of the aiqueciable solubility of the. compound in ether. 

Previous extraction of tin; alcohol-ether extract with chloroform, in order 
to eliminate choline, is of no advantage in the determination of sphingo- 
myeliiv, since chromium cannot be determined for the rc.asons prexiously 
described and would ropre.*;en( merely a complication of the method. 

Dclmninoltoji of Choline Phospholipids {Lecithin and xSphmgomyclin)— 
In the determination of choline by (be chromium content of the reineckate 
of choline, obtained after the hydrolysis of the pho.^pholipids, it is possible 
to diminish considerably the amoutrt of alcohol-ether extract required. 
The choline phospholipids can be determined on a 0.25 to 0.50 ml. sample 


of scrum (equivalent to 5 to 10 ml. of alcohol-ether extract). 

The method in use by us is the following. Place 5 ml. of alcohol-ether 
extract in a 100 ml. beaker and evaporate on the water bath, avoiding 
overheating of the residue. 'Phe residue is rcextractcd two to three times 
with small iiortions of chloroform (2 ml. per portion) in the cold, in order 
to eliminate free choline. as much as possible. The chloroform c.xtractis 
then transferred to a small round bottomed flask and the chloroform is 
cvajroratcd on the water bath. 7’horc arc added to the residue 2 ml. of 
5 N HCl in methanol, according to the method of 7'hannhausor, Benotti, 
and Rcinstcin, who used a reflux condenser and heated the extract nith 


a small flame for 3 hour.s in order to hydrolyze the phospholipids. 

At the end of the heating, the metbanol-iiCl is evaporated on the water 
bath to a small volume and the final drying is conducted in vacuo. The 
residue is taken up in small portions (0.5 ml.) of 2 per cent aqueous HCl, 
five to six of these washings arc transferred to a 15 ml. centrifuge nith a 
narrow tapered end. It is convenient to filter the extraction liquid through 
a small moistened cotton filter in order to retain the fatty acids liberated 
by hydrolysis. The liquid thus obtained is precipitated with an equa 
volume of saturated aqueous ammonium reineckate, and the i-emainder 
of the procedure follows the linos laid down for the determination of choline 


(Marenzi and Cardini (1-1)). 

When the extract is made according to Bloor’s directions, at times a 
copious precipitate forms and it is then convenient to carry out the first 


washing, the precipitate being stirred up with a slender glass rod. 

By the technique described above, the development of the final color 
can be carried out on a volume of 25 ml. and the calculation is then per- 


formed according to the following formulae. 
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100 

90.9 X E X — = 36.360 X E = miorograms % choline 

O.M 


or 

36.36 X E = mg. % choline 
Choline X 6.7 = choline phospholipid 

We have carried out the hydrolysis with NaOH according to Brante 
with good results. The method adopted was the following. 5 ml. of the 
alcohol-ether extract are taken up in chloroform and transferred to a 
60 ml. flask. 5 ml. of absolute alcohol and 0.5 ml. of 2 n NaOH are added, 
and the flask heated on a water bath under a reflux for 1 hour. The 
extract is then transferred to a beaker and evaporated. When only 1 ml. 
remains, the alkali is neutralized to phenolphthalein with 2 n HCl. The 
evaporation is carried to dryness and the procedure then is the same as 
for the previous hydrolysis with methanol-HCl. 


Table III 

Distribution of PhoapboUpids in Human Plasma 



Total 

phospho* 

lipid 

i Choline 
phospho- 
lipid 

Lecithin 

Cephalin 

Sphin^o- 

myehn 

Choline 

Wg. % 

203.74 

159.67 

78.49 

126.78 

61.46 

42.71 

21.50 

i 

35.35 

23.83 


17.05 





Barium hydroxide hydrolysis was not tried, since, according to Thann- 
hauser, no more than 60 per cent of the sphingomyelin is hydrolyzed and 
the method is complicated by the necessity of eliminating the barium. 

Dislribidion of Phospholipids in Plasma — The following relations were 
calculated: total phospholipid minus choline phospholipid = cephalin; 
cholme phospholipid minus spingomyelin = lecithin; sphingomyelin deter- 
mined directly. 

The results obtained with human plasma are showm in Table III. 
These results differ in general from those of Thannhauser and Erickson. 
The per cent of lecithin obtained by our method is greater than that 
obtained by Erickson. The per cent of cephalin differs notably from that 
obtained by Erickson and by Thannhauser, but approximates the value 
obtained by Brante (22 per cent). The per cent of sphingomyelin is verj' 
close to that obtained by Erickson and is greater than that assigned to it 
by Thannhauser and by Blix (13 per cent). 

SUMILAKY 

The method for the determination of choline described by the writers 
w’as applied to the determination of the choline phospholipids of plasma. 
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A study of tlio (’oinposition of tlio roiueckntc of sphinRoniyclin demon- 
strated that, tlic pure salt is not. preeipitnted from alcoliol-ctlicr extracts 
of plasma and that splunRomy(?lin ran 1)(! determined only from the phos- 
phorus content of the iireeipitate. 

Values were established for human jdnsma and the iwrcentagc of dis- 
tribution of the three jdiosjdiolipids. 

The converaion factors from phosphorus and choline to phospholipid 
received a theoretical treatment. 
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THE METABOLISM OF ESTRONE IN MEN* 

Bt W. H. PEARLMAN and GREGORY PINCUS 
{From the Physiological Laboratories, Clark University, Worcester) 

(Received for publication, October 15, 1942) 

In 1938, Dingemanse el al. (1) isolated estrone from the urine of men; 
one-half to two-thirds of the total estrogenic activity was fmmd in the 
non-ketonic fraction. In an endocrine-cancer study conducted in this 
laboratory (2), information was obtained regarding the nature of the non- 
ketonic estrogens normally excreted by men; these appeared to be estradiol 
and estriol. More recently, an increase in the estrogenic titers of certain 
urine fractions was observed after the administration of estrone to non- 
cancerous men (3) ; the physical and chemical properties of the substances 
responsible for the estrogenic activity of the non-ketonic “weak” phenols 
and the “strong” phenols resembled closely those of estradiol and estriol. 
More direct evidence was considered desirable. Large quantities of estrone 
were injected into men and an attempt was made to isolate the estrogeni- 
cally active metabolites of the ketonic hormone. The outcome of this 
investigation is now reported. 

EXPERIMBNTAU 

Administration of Estrogen— A total of 1.05 gm. of estrone acetate, m.p. 
124-125°* (prepared from estrone which had been obtained from pregnant 
mare urine), was dissolved in olive oil and injected intramuscularlj’' into 
seven healthy young men. No more than 50 to 160 mg. of estrone acetate 
was injected at any one time and no man received more than 160 mg. in all. 
Tvi’o of the subjects experienced nausea and vomited within 24 hours fol- 
lowing the injection. Hypertrophy of the breast and tenderness of the 
nipples became evident in several subjects within a week; regression ex- 
tended over a period of a few weeks. 

Collection, Hydrolysis, and Extraction of Urine — The urine was collected 
for 96 hours following estrogen administration; 30.7 liters were obtained. 
The urine was preserved with toluene and hydrolyzed within 48 hours after 
collection by boiling with 15 per cent concentrated HCI (by volume) for 7 
minutes. The hydrolysate was rapidly cooled and extracted nith ethyl 
ether. 

• Aided by grants from G. D. Searlc and Company and the Committee for Re- 
search in Problems of Sex of the National Research Council. 

' All melting point values reported are corrected. 
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Fractionation of Urine Fxtracts'— The otlier-soliiI)Ic mtitcrinl of the urine 
wns popanilccl into ncidn, jjhenolH, and neutral nnhstances by usual meth- 
ods. The idienols were taken up in henr.eno and extracted with 0.3 M 
NniCOa in order to obtain the o.striol fraction and the procedure then 
repeated. A .sharii .‘■ejiaration of estriol from other estrogen.s i.s thereby 
effected. Mather (o) had previou.sly deterrnin'ed the p.artition ratios for 
crystalline estriol .and other estrogens. Ilis findings have been confirmed 
by liachman and Pettit (0) and jdso by us (3). Mather also found that 
the partition ratios were essentially the same when crj-stallinc estrogens 
were added to crude urinary extracts (private communication). The 
distributions between benr.ene and sodium carbonate have been used to 
advantage by other investigators (f>-9) and also previously by us (3) in 
working up erude estrogen extracts. 

The weakly acidic phenols (lienzene jdiase) were fractionated into ketones 
and non-ketones by the method of Girard and Sandidcsco (10) with the 
use of Peagent T. The non-ketonic “weak” phenols (estradiol fraction) 
and the “strong” phenols (c.striol fraction) were treated with succinic and 
phthalic anhydride respectively under conditions previously described (11). 
The hydrolysis of the succinic acid esters was carried out at room tempera- 
ture for 2-1 liours with 5 per cent KOII in 90 per cent methanol; the period 
of hj'drolysis was 48 hours in the case of the jihthnlic acid esters. The 
hydrolysates were poured into water, acidified to Congo red with dilute 
HCl, and extracted with ether. The anhydrides of succinic and phthalic 
acids have been extensively employed in removing hydroxjdated steroids 
from non-hydroxylated substances. Although estrone possesses a hydroxyl 
group, it is not estcrified by the aforementioned procedures; however, 
hydroxjd groups in the non-benzenoid jiortion of the estrogen molecule, ns 
in a-cstradiol or estriol, will react (3). The quantitative separation of 
micro amounts of estrogens into “alcohols” and “non-alcohols” with the 
aid of succinic anhydride has been demonstrated (3). 

Wlren phthalic anhydride was permitted to react with 350 y of estriol, 
78.4 per cent of the original estrogenic activity was recovered in the "alco- 
holic” fraction and 3 per cent in the “non-alcoholic." An estimate may 
thereby be obtained of the recovery of estriol after the urine fraction has 
been treated with phthalic anhydride. The esterification procedure 
serves as an effective check on the efficacy of the ketone separation. It 
also results in considerable enrichment of the non-ketonic fraction of the 
urine extract in estrogenic activity (c/. flow sheet). The dicarboxyhc 
anhydrides have found commercial application in the extraction and puri- 
fication of the estrogenic hormones of pregnancj’' urine (12). 

’ A preliminary report has appeared (4). 
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The course of the fractionation of the urinary estrogens is described 
in the flow sheet; the weights of the various fractions and their estrogenic 


Fractionation of Urinary Phenols 


Total phenols j 


Extracted with 5 X 50 oc. 0.3 it NajCOj 
from 50 cc. benzene 


Benzene 


Extracted with 2 X 50 cc. 
0.3 M NajCOj 


Benzene *■ ■ Carbonate, 435 r.u. 

Both fractions combined 
Weak phenols 


Treated with Girard’s 
Reagent T; non-ketonic 
fraction again treated 


1 


Non-ketonic weak 


Ketonic weak 

phenols (estradiol 
fraction) 59 mg,: 


phenols (estrone 
traction) 29 mg.; 

28,240 r.u. 


23,200 r.u. 


Extracted with 4 X 25 oc. 
70% ethanol from 25 cc. 
benzene 

Benzene 


14 mg.; 2180 r.u. 

70% ethanol 
43 mg. 

j Treated with succinic 
anhydride 

Non-alcoholic 


24 mg.; 3145 r.u. 


Alcoholic 

(Estradiol fraction) 
7.2 mg.; 16,200 r.u. 


Carbonate extract 
acidified to Congo 
red with dilute 
HCl ; ether extract 
evaporated, taken 
up in SO cc. ben- 
zene, and ex- 
tracted with 3 X 50 
co.0.3MNa:CO| 


Carbonate (estriol 
fraction) 28,500 r.u. 



1 

Extracted from20cc. 
benzene with 2 X 
20 CO. 70% ethanol 

Benzene 

67 mg.; 1650 r.u. 


70% ethanol 
104 mg. 


Treated with 
phthalic 
anhydride 

Non-alcoholic 


54 rag.; 3160 r.u. 
Alcoholic 

10 mg.; semicrj'stalline 


activities are indicated. BLoassay was performed on spayed adult rats 
by a method previously described (2), with the vaginal smear technique. 
The estriol fraction finally gave 10 mg. of a seraiciystalline product which 
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yielded from etliyl .'leelule 1.(1 mp. of crvHt.'ds, m.p. 200-208'’. Reerj’s- 
(nllir-ntioii from (lie .•^nmn .lolverd pave 0.0 mp., m.j). 209-270°; a mixed 
mcKinp point determination with e.'itriol (see Table I), m.p. 271-273°, 
was 208-272°. .\n additional 2 mp., m.p. 208-270°, were obtained from 
the mother liquons; the aeetate after a .sinple crystallization from aqueous 
methanol melted at 110-118°, pave no meltinp point dcprcs.sion with 
cstriol acetate, m.p. 12l.0-12r)..0'’, hut caused a marked tlcprc-ssion in 
meltinp point on admixture with estrone acetate, m.p. 121-125°. A 
compari.son of the projierties of the estriol isolated and estriol i.s prc.sentcd 
in Table I; a close .similarity is apparent. It is veiy unlikely that the 
estriol isolated arose from endopenous cstropen and not from the estrone 
injected, in view of (he extremely low estriol (2, 3) and total e.strogen 
(1-3) content, of (he urine of m.ales. Furthermore, when 0.051 gm. of 
estrone acetate was administered to one of the authors (W. 11. P.) in a 
preliminary run, (he cstriol (iters of (he urine for the first, second, and 
third dS hours were 825, 312, and 38 rat units respectively. Incidentally, 
it was for this reason that the urine collcetions wore made for the first 
90 hours following cstropen injection. 

The non-kctonic “weak” phenols (estradiol fniction) finally yielded 
7.2 mg. of brown oil which a.s.s.‘iycd for 10,200 rat units of estrogenic 
activity or an equivalent of 2.03 mg. of o-cstradiol. An attempt to obtain 
the crystalline estrogen with the u.sc of digitonin (17) was unsuccessful 
when the method of HufTman cl at. (8) was cmirloycd; (he digitonin pre- 
cipitation was carried out at approximately 5° instead of at room tem- 
perature. Tire ketonic “weak” phenols (estrone fraction) yielded on 
repeated recrj'stallization from methanol 1 mg. of impure estrone, m.p. 
250-253°, which gave no deprc.ssion in melting point on admixture with 
authentic estrone, m.]). 258-259°. 

Oxidation of Estradiol Fraction — Thei'c is reason to believe that the 
estrogen components of the “estradiol” fr-action are either a- or /9-cstradiol 
or both. The crystalline steroids and the estrogenic material contained 
in the fraction are non-kctonic, “alcoholic,” and wcaklj' acidic phenols. 
We have pi-exdously shown (3) that the esti-ogenic actixdty of a similar 
“estradiol” fr'action was partitioned between benzene and 70 per cent 
ethanol in a manner identical with that of crystalline «-cstradiol. Stereo- 
isomers of esti'adiol have been isolated from pregnancy urine (8, 18, 19) 
and after the administration of esti'ogcn to non-pregnant animals (20-22). 
Estrogens of the equilin and equilenin series appear to be confined to the 
Equidae. 

Assuming that both arc present, it was calculated that the 7.2 mg. of 
oil (16,200 rat units) obtained from the "estradiol” fraction contained 1.97 
to 2.03 mg. of a-estradiol and a maximum of 5.2 mg. of /3-estradiol. The 
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presence of a-estradiol can be detected and the relative amounts of the 
a and jS isomere calculated by indirect methods involving oxidative pro- 
cedures. Thus, if a-estradiol is quantitatively oxidized to estrone, the 
estrogenic actmty would be only one-eighth of that originally present, 
since this is the relative order of activity of these steroids bj* our method 
of assay. With |3-estradiol, an increase of 12.5 times in the activity 
should occur. If a mixture of isomeric diols were oxidized, and the con- 
version factor determined, the quantity of each component originally 
present is calculable. The wide divergence in the relative activities of 


Table I 

Comparison of Certain Properties of Estriol Isolated and Eslriol 


Properly 

Estriol isolated 

Estriol 

M.p., °C 

269-270 

1.05 

98.9 

82.4 

655, 510 

271-273* 

1.0 

98.0 

86.8 

655, 510 

Estrogenic potency (1 7 ), rat units 

% total activity extracted from benzene by 0.3 m NajCOjf. • 
% " " " “ " “ 70%ethanoU.. 

Absorption maxima in David (15, 16) color test, mjj 


* The melting point of the estriol used for purposes of comparison is 10° lower than 
that reported for pure estriol (13). It has been suggested that contamination with 
estrone might account for the low melting point values reported in the literature for 
this steroid (14). However, our specimen of estriol is almost completely extracted 
from benzene by sodium carbonate, whereas little or no estrone is similarly extracted 
(5). Furthermore, when the estriol was treated with phthalic anhydride, of the total 
activity recovered, 96 per cent went into the "alcoholic” fraction; estrone behaves 
as a "non-alcoholic” substance under similar treatment. A mixture of estriol, m.p. 
271-273° corrected, and authentic estrone, m.p. 258.5-259.5° corrected, melted at 
242-255° corrected. Contamination, not with estrone but possibly with some non- 
hetonic substance, may account for the low melting point of the estriol which was at 
our disposal. 

t Tao extractions with equal volumes of both solvents. 

t One extraction with equal volumes of solvents. 

a-tstradiol, estrone, and ^-estradiol would permit a fair degree of precision 
in such calculations. In our studies the mild oxidative procedure of 
Oppenauer (23) was employed. 

Practicallj' no destruction of steroid material resulted when 167 rat 
units of estrone were subjected to the Oppenauer oxidation; 93 per cent 
of the estrogenic activity was recovered in the ketonic fraction after treat- 
ment with 0.5 gm. of Girard’s Reagent T. The oxidation of estradiol 
'vas, however, not complete, judging from the activity remaining in the 
non-ketonic fractions. This was taken into account in calculating con- 
version factors for a - and iS-estradiol, respectively. The data for the oxi- 
dation of the crystalline isomeric estradiols and of the urine concentrate 
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arc Riven in 'J'ahlc II; tlic inclliod of cnlcuIatiiiR flic faclor.s is indicated. 
As can be .seen from 'J'ablc H, (be obscrvcfl and theoretical conversion 
factors for tlie erystalline estroRon.s apree fairly well. Since «-cstrndiol 
is more rapidly oxidized (apjwoximately 1.4 times) in the Oppenauer re- 
action Ilian is /?-estrafiiol, the conversion factor cannot he .strictly applied 
in tlu' analysis of mixlure.s of (he two isomers. None the le.'js, it is obvious 

TAai.c II 


Oppenaurr Oiiilation of Kslrootns 



j Kitrci-rcnic activity j 

1 

Conversion 

f»ctor* 

Suli'tancc oiidlrM 

llfforf 

1 Aftrr otidatf'^n 


oti.Utton 

j Nt>n-V.rlonc5 

Kclt'sei 



flit uniit 

1 

fjt vnits 


ct-E.slradiol 

leir. 

1 .270 

17.2 

mIM 


isir. 

' US 

i:u 

msm 

Average found 


1 


0.11 

Thoorcticalt 


1 1 


1 0.125 



1 1 



P-Estradiol 

! 17.0 

s ; 

113 i 

[ 11.0 


: i;io 

!M.I i 

732 

1 19.4 

Average found 

1 



1 1C 

Theoretical t 

1 

i 

1 

: 1 


i 12.5 

Urinary estradiol fractionj 

nil 

' 017 

C2 

1 O.llS 


i nil 

200 i 

Cl. 5 

0.070 

Average found. , . . 

1 

1 

t 


0.094 

* Conversion factor = 






kotonic rat uiiit.s (.after oxiilation) 

rnt units (before oxidntioii) minus non-ketonie (after oxidation) rat units, 
t Tlieoretienl values were olitaincd on the as.suini>tiun tliat estrone is tlic oxidation 
produet. The estrogenic activities for 1 7 of crystalline o-cstradiol, ^-estradiol, 
and estrone are S.O, O.OS, and I.O rat units respectively. 

t Most of the estrogenic activity was recovered after digitonin treatment of the 
7.2 mg. of oil obtained from this fraction; aliquot portions were oxidized. The period 
of refluxing in the oxidations w.as G to 12 hours. The ketones were treated once more 
with the Girard’s reagent in all ca.ses except in the oxidation of the n-cstradiol. 

that little or no jS-estradiol can bo jirc.scnt in the urine fraetion, .since the 
conversion factor obtained for this fraction so closely aiiproaches that foi 
pure a-cstradiol. The oxidative procedure employed was ns follows: 
The desiccated steroid jircparation was dissolved in 5 cc. of dry acetone 
to which was added 0.5 gm. of aluminum ferf-butoxide dissolved in 10 cc. 
of dry benzene. The solution was refluxed for 6 to 12 hours, permitted 
to cool, and added to 20 cc. of ether. The ether was washed with dilute 











W. H, PEARLJIAK AND G. PINCDS 


385 


HCl, then with water, and evaporated. The residue thus obtained was 
resolved into ketonic and non-ketonic moieties (10) and submitted to 
bioassay. 


DISCUSSION 

Our data clearly indicate that men can effect a partial conversion 
of administered estrone to estriol. Other investigators have shown that 
this process occurs in the mammalian organism but the evidence submitted 
was of indirect nature. Thus, Smith and Smith (24) showed that excessive 
amounts of estriol were excreted in the urine of women after the adminis- 
tration of estrone. Pincus and Pearlman (3) confirmed these findings and 
secured additional indirect evidence that the estrogen metabolite in ques- 
tion was indeed estriol. Pincus and Zahl (25) foimd that the presence of a 
functional uterus in the rabbit was essential to the estrone-estriol con- 
version. It appears from our present findings that the uterus is not 
essential, at least not in the human species. It is possible, however, that 
the uterus normally facilitates this transformation. Longwell and McKee 
(9) injected dogs with estrone and obtained from the bile a carbonate 
fraction possessing estrogenic activity. It is quite likely that estriol is 
the estrogen responsible for the activity of this fraction in view of the fact 
that estriol alone,’ of the various naturally occurring estrogens, is extract- 
able from benzene by a sodium carbonate solution. 

A conversion of a-estradiol to estriol in the animal body is theoretically 
possible in view of the fact that a-estradiol is partially converted to estrone 
in vivo (26, 27), and we have shown that the latter steroid may in turn 
give rise to estriol. Doisy, Thayer, and Van Bruggen (28) found evidence 
for the excretion of estriol in an ovariectomized-hysterectomized monkey 
after the injection of /8-estradiol. It is not, however, established that the 
isomeric estradiols must first be transformed to estrone and the latter 
in turn to estriol. Fieser (29) and also Marrian (30) suggested an in- 
termediate step involving the hydration of the enolic form of estrone. 

Oxidation of estriol may lead to the formation of 16-ketoestrone, 
according to a theorj' proposed by Marrian (30). This steroid has been 
recently prepared from e.strone by Huffman (31); a 16-hydroxyestrone 
and a compound isomeric with estriol were also obtained. A study of the 
properties of these compounds may be useful in the search for estriol 
metabolites. One might expect, however, that a 16,17-diketone would 
be very susceptible to oxidation in the organism, leading to the formation 

’ It ttns considered of interest to determine the partition coefficient of /3-17-dihy- 
drocquilenin, nn estrogen possessing rather strongly acidic properties (19). A speci- 
men kindly furnished by Professor 0. tVintersteincr, when partitioned between equal 
volumes of benzene and 0.3 M NajCOj, remained chiefly in the organic phase; 92.5 
per cent of the total estrogenic activity recovered was found therein. 
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of the rom'."!i)()ii(litij; (lirorlioxylir acid. Alkaline fusion of cstriol will 
load to tlio formation of a (lefjraflation profinet of the latter type (32, 13). 
The plycol pronp of e.striol i.s readily oxidimi by lead fetrnneetale; a 
JO , 17-(lialdehyde i.s proh.ably burned (S). A .seareh will he made for 
oxidation j)rodnets of esiriol in tlu* aeid fraction of tiie tirine c,\'tract.s 
obtained in our .study. 

'J'he fact that e.striol i.s not converted to any niiprecinhlc extent to 
c-strone or e.slnidio], wliereas the er)nvei>e is true, le.ad.s one to e.vpect 
e.striol to be the chief e.stropc'ii inetaitolite excreted. 'Ilu.s appears to be 
the ea.se in human jirepnaney. However, e.striol h.a.s not been Isolated 
from the urine of sjjecies other than the human, althouph there is some 
evidence for the normal oceurrenet* of e.strioI in tlio urine of non-pregnant 
eliimpanzee.s (33). 3'hat e.striol i.s no le.s.s re.si.stant to destruction than 
arc the other e.strogens Iia.s l)een demon.sfrated (2.S); the inactivation proc- 
C-ss may be tliat .already alluded to and may also include other nicchnni.sms 
for the inactivation of estrogens, ,as recently reviewed by Heard and 
Hoffman (27). 

Theoretically, both a- and /?-est radio! may arise as the rc-sult of tlic jn vivo 
reduction of estrone. In the rabbit, only /5-cslnuiioI h.as been recovered 
after the administration of estrone (20); wlicn or-e.strndiol i.s given, fairly 
large amounts of /3-e.stradioI are recovered from the urine (21, 22). Our 
data indicate that in men the formation of the a i.soiner of estradiol is 
favored after the administration of estrone. Heard and Hoffman (27) 
recovered no /3-e.strndiol after the injection of n-cstradiol into a young man. 
It is interesting that o-estradiol, but as yet no (9-estradiol, has been i.solatcd 
from human pregnancy urine (8), whcrcjis the urine of pregnant marcs 
has yielded both diols (18, 19). 

The assistance of I\Iiss Mary Ruth .Tones is gratefully acknowledged. 
Dr. Oliver Knmm of Parke, Davis and Company kindly supplied the cstriol. 
Dr. Erwin Schwenk of the Schering Corporation donated the a-estradiol. 
We arc c.spccinll 3 ' indebted to Dr. R. D. H. Heard for the (9-cstradiol. 

SU.MM.\HY 

Massive doses of estrone, .as the acetate, were injected into seven young 
men. From the strong phenolic fraction of the urine which was collected 
for 96 hours following the injection, there was recovered a small amount of 
crystalline cstriol. An c.xogenous origin of the cstriol isolated is precluded. 

The high concentration of estrogenic activity in the weakly acidic, 
phenolic, non-ketonic fraction appears to be due chiefly to a-estradiol. 
This is substantiated by the changes in the acti^'ity of this fraction after 
the application of mild o.xidative procedures. 
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THE CONVERSION OF TRYPTOPHANE TO A PLANT GROWTH 
SUBSTANCE BY CONDITIONS OF MILD ALEALINITY* 

By SOLON A. GORDON and SAM G. ^Y1LDMAN 
{From the Deparlmenl of Botany, University of Michigan, Ann Arhor) 

(Received for publication, November 30, 1942) 

During the course of a recent investigation, it was shown that auxin 
could be liberated by enzymes from the isolated leaf proteins of spinach 
(10). In order to utilize a more rapid method of hydrolysis, cytoplasmic 
proteins of spinach were refluxed with alkali. Approximately 10 times as 
much auxin was obtained by hydrolysis of the proteins with weak concen- 
trations of sodium hydroxide as by the use of tryptic extract, a purified, 
non-crystalline pancreatic preparation of trypsin. Table I illustrates this 
difference. 

Diffusion experiments (10) were undertaken to compare the relative 
molecular size of the auxin released by enzymes mth the auxin released by 
alkali. Fig. 1 shows that the slopes of the curves for indoleacetic acid and 
the auxin released by alkali are similar, while both are steeper than the 
diffusion curve for auxin released by enzymes. Hence, the auwn obtained 
by alkali was suspected of being an artifact produced by chemical means. 
Since analyses of the cytoplasmic proteins from spinach made by Chibnall 
(4) showed a tryptophane content of 1.7 per cent, and since Thimann (7) 
has postulated the oxidative deamination of tryptophane by microorgan- 
isms to d-indoleacetic acid, it was considered that tryptophane in the leaf 
proteins might be converted to indoleacetic acid by the treatment ^vith 
alkali, particularly in light of the similarity in diffusion rates mentioned 
above. 

The Avena test offers a very sensitive method for the detection of ex- 
ceedingly minute amounts of growth-accelerating substances. For 
mstance, in the tests carried out in this laboratory, 0.9 c.mm. agar blocks 
containing 20 y of indoleacetic acid per liter will generally produce an 
average curvature of 10° when applied unilaterally to Avena coleoptiles 
(mean of twelve test plants). A simple calculation will show that ap- 
proximately 1.8 X 10~‘ 7 of indoleacetic acid applied to one oat coleoptile 
is sufficient to cause a bending of 10°. Thus, it is possible to detect the 
presence of growth substances in amounts which would elude analysis by 
Usual chemical methods. Accordingly, a study was instituted in which 
tryptophane was subjected to various conditions and analyses were made 
for growth-promoting substances formed imder those conditions. Simi- 

Pnper from the Department of Botany of the University of Michigan, No. SOS. 
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TtlYITOI’HANK rON’VKIi.HION' TO AirXIN 


Inrly, proteins of nnimiil origin containiiif; or larking tryptophane were 
studied for growth activity. 


Tapu; I 

Comparison of Amotmt of Auxin Ilflrascl from Ct/lopiofmtc Pro'.rins of Spinach by 

Kneijmre. nr.il Athnli 


Till’ protoinn were iliprited with cnsynios for 72 liours nt 37° in KHjPOi-NaOH 
liiifTcr nt pH S.O. 


Amount of 
protein 

Type of dr/jettlon 

! 

.\zxr dilution 

Avtrasc /ttoiJ corvitcre 

MI. 


nt. 

deerta 

•10 

Crv.stallinc chymolrvpsin 

0.70 

1.5 db 0.5 

•10 

“ trj'ii.sin 

0.70 

2.4 iO.C 

•10 

Tryptic extract 

0.70 

7.5 ± 0.6 


I.-IO 

4.0 i 0.5 

10 

lloilinp 12 lira, with •'1.0 ml. of O.O.'i S 

0.70 

20.6 ± 0.4 


NaOH 

I.-IO 

10.4 ± 1.1 



2.S0 

11.5 4:0.8 



Fig. 1. The distribution of nuxin in four ngor blocks, cncii 1.0 mm. thick, after 90 
minutes diffusion nt 22°. The initial concentration of indoicncetic acid was 100 r 
per liter. The .nvernge /Irena curvature is shown on the ordinate sc.alc. 


E.XPEniMENTAL. 

The method used for the determination of auxin by the Avena technique 
has been described (9) and need not be detailed here. Six concentrations 
of indoleacetic acid, 10, 15, 20, 30, 40, and 50 y per liter of water, were made 
and assayed for each Avena experiment in order to obtain a concentration 
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curve for the conversion of experimental cun'atures to units of indoleacetic 
acid. The standard deviation and standard error of the mean were 
calculated from the curvatures of eleven or twelve Avena plants, which was 
the minimum number of plants used for each determination. Individual 
curvatures which varied from the mean by more than 2.5 times the standard 
deviation were discarded when the average curvature was above 5°, and 
the means were recalculated; with smaller curvatures, 2.0 times the 
standard deviation was taken as a criterion for elimination. Curvatures 
listed in Tables I to V are in the proportionality range of dilution unless 
otherwise noted. All solutions after experimental treatment were ad- 
justed to pH 4.5 (glass electrode), transferred to a separatory fimnel, and 
the auxin was removed by shaking with two 75 ml. portions of ether recently 
distilled over FeS04-Ca(0H)2. The ether was separated from the water 
and evaporated until only a few ml. remained, ^is was transferred to a 
small vial to which 1.5 per cent agar was then added and the material 
assayed for growth activity. An Eastman preparation of 2-tryptophane 
was used in this study. 

Conversion of Tryptophane to Auxin under Varying Degrees of Alkalinity — 
From a freshly made solution containing 50 mg. of tryptophane per 100ml. 
of water, 2.5 ml. were pipetted into a digestion flask and 2.5 ml. of NaOH 
added, the latter being of such strength that the total volume of liquid 
resulting would have the normality represented in Table 11. A condenser 
was placed in the neck of the flask and the assembly put mto a boiling water 
bath for 7 hours (temperature of tryptophane-NaOH solution 97.5°). At 
the completion of the alkali treatment, the pH was adjusted and the auxin 
removed with ether. As controls, 2.5 ml. of the above solution of tryT' 
tophane were diluted rvith 15 ml. of redistilled water to compensate for the 
water added in transferring from flask to beaker, and treated in an identical 
manner except that no heat or alkali was used. Table II shows the 
amount of growth substance produced by various concentrations of alkali. 
No auxin was obtained with 0.5 n NaOH; with decreasing concentrations 
of alkali, greater amounts of auxin were produced up to a maximum with 
0.0005 N NaOH; thereafter, the auxin yield decreased, but auxin was 
produced even when the tryptophane was heated with redistilled water. 
Since controls gave no curvature, it is evident that the formation of growth 
substance from tryptophane can be attributed to the effect of alkali and 
heat. Another experiment under the same conditions showed the same 
trend. 

Effect of Temperature on Conversion of Tryptophane to Auxin by Strong 
Alkali On the assumption that relatively strong concentrations of alkali 
caused a conversion of tryptophane to some product other than au.xin, a 
range of temperatures for short time intervals was tried. Over a water 



Taiii.k !I 


Contrmtnn of Truytnphanr ti> Auxin h'j Difirrrnt Conc'n'.raliom of Alkali 
All .Moliitidtin of tryptopliaiK' pxrofit tlio ronlrols wcro lira tod for7 hours in a boiling 
wftipr hnfli (r■('f‘ tlin text). 


ConcfntrallvJn of NiOII 

Acif tfiltilion 

Avt.'jitt At<i., ctirviture 

Ir.dotnctlic 

acid 

cquivalcali 

A* 

n/. 

dftffft 

tX10-> 

0.0000 ((h)ntrol; not heated) 

o..‘;o 

0 

0 

o.ooon 

O.hO 

0 

0 

0.0000 (Heated) 

0.80 

5.1 ± 0.7 

12.4 


1.00 

1.0 ± 0.3 

14.7 

0.0002.', 

1.00 

7.8 ± O.G 

31.2 


3.20 

2.3 ± 0.9 

36.0 

0.0005 

3.00 

7.7 ± 1.2 

49.5 


3.00 

2.9 i 0.0 

32.4 


2.00 

3.9 ± 0.7 

23.C 

0.025 

0.80 

10.7 ± 1.4 

20.3 


1.00 

3.1 db O.G 

17.G 

0.05 

0.80 

13.7 ± 0.9 

26.3 



5.3 ± 0.9 

20.S 

0.25 


7.1 i O.G 

5.3 

0.5 

0.35 

0 

0 


TAnu: HI 

Amount of Tryptophane Converted to Auxin at Different Temperatures in Presence 

of Alkali 

Trj'ptophnno (1.25 mR.) in contact with 0.25 .v NnOII for 15 minutes. 


Temperature 

Apar dilution | 

Averape Atena 
cnrvalUTc 

Indolcacetic 
acid 1 

equivalents 

Averose 

•c. 

nf. 

dtlTCtl 

T X 10-' 


22 (Control; no alkali) 

O.SO 

0 


0 

0 

22 

O.SO 

IS.C ± 

l.G 

35.2 

35.0 


l.CO 

10.0 ± 

O.G 

37.4 


3.20 

•1.5 ± 

0.5 

32.6 


40 

O.SO 

16.5 db 

0.9 

31.2 

3S.9 


1.60 

' 12.2 db 

0.5 

45.6 


3.20 

5.5 ± 

0,4 

40.0 


60 

0.80 

13. S db 

0.9 

26.2 

30.1 


l.CO 

9.4 ± 

0.9 

35.2 


3.20 

3.9 db 

O.G 

2S.S 

0,,. 

SO 

1.60 

26.1 db 

l.S* 

97.1 

97.5 

O.SO 

IS. 6 ± 

1.0 

35.2 

3S.0 


1.60 

10. S ± 

0.6 

40.S 

101.0 

O.SO 

0 

1 


0 

0 


* This curvature may be slightly outside of the dilution range. Since further 
dilutions could only raise the weight of auxin, the value of 97 X lO"’? can bo taken as 
a conservative figure to indicate the trend of temperature effect. 
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bath, 1.25 mg. of tryptophane were allowed to stand in contact svith 0.25 N 
NaOH for. 15 minutes at different temperatures. The pH of the solution 
was then adjusted as before, and the auxin produced was immediately 
removed with ether. Table III shows the amount of auxin obtained at 
each temperature. It will be noticed that even with a short time exposure 
to 0.25 N NaOH at room temperature a relatively large amount of growth 
substance is produced, but a control not in contact with alkali gave no 


Table IV 

Comparison of Amount of Auxin Released from Casein and Gelatin by Hydrolysis with 
Enzymes and Alkali 

The treatments with alkali were carried out for 12 hours at 100° or at 97.5°, while 
those with enzymes were for 72 hours at 37°. 


■Ptolcm 

Type ol digestion 

AgardHutioQ ' 

1 

Curvature 

ladoleacetic 

acid 

equivalents 



ml. 

degrus 

r X I0“» 

Casein 

0.05 N NaOH 

1.50 

10.6 ±0.6 

27.7 



3.00 

4.5 ±0.3 

36.0 


0.05“ “ 

1.60 

7.2 ±1.0 

28.5 



3.20 

2.9 ± 0.7 

28.8 


0.5 “ “ 

3.20 

14.9 ± 0.9 

141 



6.40 

8.8 ±0.7 

143 

Gelatin 

0.05“ “ 

0.35 

12.2 ±0.8 

7.0 


0.05“ “ 

0.35 

7.8 ±0.9 

4.3 


0.5 “ “ 

0.35 

8.3 ± 0.9 

7.2 


0.5 “ “ 

0.80 

5.6 ± 0.9 

11.7 

Casein 

j Control 

0.35 

18.4 ± 1.0 

15.2 


Trypsin 

; 0.80 

8.7 ±1.2 

16.0 


Chymotrypsin 

0.80 

13.3 ± 1.3 

25.2 

Gelatin ! 

Tryptic e.'ttracl 

0.80 

11.0 ± 0.8 

1 20.4 

Control 

0.35 

4.7 ± 0.5 

3.7 


Trypsin 

0.80 

0 

0 


Ch 3 Tnotrypsin 

0.80 

0 

0 


Tryptic extract 

0.80 

3.0 ± 0.7 

5.2 


curvature. No appreciable difference in auxin yield was obtained at 22®, 
40 , 60®, and 97.5°. However, there was a marked increase in the amount 
of auxin at 80°. No curvature was obtained from material heated over an 
open flame at 101°. The same increase was noted at 80° upon repetition. 

Protein Digestion and Production of Auxin. By Alkali — Since it was 
postulated that the tryptophane of proteins was a potential source of auxin 
because of its conversion by alkali to a substance similar to indoleacetic 
acid, two additional proteins were tested for growth hormone after being 
digested with NaOH. Casein and gelatin were selected, as the former 








31)1 


TiiYrropitANr. ooNvr.Jtfuos to auxjn 


couhvios l.fi per cent (ryptopluvtu- un<l the letter coixtuieB none (2). Both 
proteins were extraeted willx redistilled <>tlier which had Ixecn dried over 
sodium, 'i’he extract from 3 pm. of Ivn-sf man "dea.shed” gelatin obtained 
l)y prolonged ext met ion in a S’oxhlef aixparatii.s pave a very slight amount 
of (uirvatnre; extraction w.a.s confimied until no more growth .‘nibstance 

Taiii,*; V 

Conifr.'ina e/ Tr'jptitphnnf to .Aiin’ji by Vnr/eii.i Trtnimfnls 
Curvatures witlamt rtand.anl error of the me-an indicate concentrations of aurin 
t<io liiftli for riu.'intilntive estini.atioti. 


Ttfalmtnl 


Avenge cumturt 


rt/. 

dttrtti 

'2..'i0 ml. 1 rj-ptnpli.aiif an) ii lion (l,2.'inip.) rliliitcd wiili 

> 0.80 

0 

nlniiit 2.x n\l. water; jdl ndjnsted to -t. hand nnlntion 

• 1 .00 

0 

(■xtrncted witli ctlior 



0.5 ml. trypl'iplinne ."-(dutidn (O.O.T nip.) di.«iolvc<l in 

1.00 

2.1 ±0.6 

0.5 ml, melted a^ar 



2.5 mg. tryiilopliane dissolved in O.M) ml. melted 

0.80 

18.7 

1.5% ngnr; lieatod to 1K)° and stirred to insure imi- 

1.00 

19.0 

fonn solminn 

3.20 

22.5 ± 1.2 


0.40 

17.0 ± 1.6 

2.5 mg. tryjitoplmnc tli.s.sol ved in 0.35 ml. cold xvnter 

O.SO 

20.2 

iind 0.35 ml. melted 3% agar added; heated to 05° 

1.00 

21.0 

for 1 n\in. and stirred 

3.20 

20.5 


0.40 

13.7 ±0.8 

1.25 mg. tryploplianc dissolved in cold Kllir04 

O.SO 

15.8 

buffer at pH 4.0 and about 25 ml, buffer mldcd; 

1.00 

18.3 

solution inimediafcly extracted with ether 

3.20 

19.3 

0.40 

19.8 

2.5 mg. ti-yptophanc dissolved in 10 ml. water; pH 

0.35 

20.3 ± 1.2 

ndjuBted to 10.5 and solution allowed to stand 48 

0.75 

13.9 ± 0.9 

hrs. at 37° with toluene ns an antiseptic; pH ad- 

1.50 

9.8 ±1.1 

justed to 4.5 and solution extracted with ether 

1 



could be detected. 13 gin. of “vitamin-free” casein, on the other ban , 
were entiiely free from ether-extractable growth hormone. 10 ° 

protein were weighed directly into a digestion flask and 5.0 ml. of either 
0.5 N or 0.05 N NaOH w'cre added. The protein xvas digested for 12 hours 
at 100° or in a water bath at 97.5°. At the end of the treatment, the pH of 
the solution xvas adjusted and the hormone removed xvith ether. In Tab e 
IV are given the results of the alkaline digestions. With gelatin, nO 
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significant increase is apparent when digestion with 0,05 N NaOH is com- 
pared to digestion mth 0.5 N NaOH. The yield in each instance was 
relatively small. Casein, however, not only gave much larger amounts 
of auxin, but there was a marked increase in the jdeld of auxin obtained 
with the more concentrated alkali. 

By Enzymes — The method used for digestion by enzymes has been 
described (10). The same difiference that was noted uith alkali is e'sddent 
between the two proteins when digested with enzymes. Gelatin yielded 
little, if any, auxin, depending upon the enzyme employed, while from 
casein was obtained a much larger quantity of gro^vth substance. IMore- 
over, the controls to which no enzj'me was added show a similar variance 
between the two proteins. WTiether or not the enzymes functioned in the 
liberation of auxin from these proteins is debatable considering the amount 
of hormone obtained from the controls. Of significance, however, is the 
large amount of auxin released from casein by strong alkali as compared 
to the amount released from casein by enzyme digestion; this pronounced 
difference is not apparent with gelatin. 

Tryptophane Instahility under Other Conditions — Table V illustrates the 
lability of tryptophane under relatively mild conditions of heat, pH, etc. 
The values for curvatures expressed in Table V are presented to describe 
certain characteristics of tryptophane rather than to provide finite values. 
Those curvatures not within the proportionality dilution range are listed 
to emphasize the relatively large amounts of au.xin formed under these 
conditions. All of the treatments shown in Table V have been repeated 
and found to give essentially the same results. The table is self-explana- 
torj' and shows that the amino acid is unstable at 37° at pH 10.5, in the 
pre.sence of hot agar, and in contact with cold KHjPO< buffer at pH 4.G, 
as evidenced by the large curvatures obtained. 

DISCUSSION 

Auxin is produced from tryptophane with 0.0005 x NaOH and not with 
0.5 N NaOH after 7 hours contact with the alkali at near boiling tempera- 
tures. It seems reasonable to assume that tryptophane is degraded by 
alkali to indoleacetic acid, since a number of compounds containing the 
indole ring theoretically capable of arising from tr>'ptophane, c.g. indole- 
propionic acid, tryptamine, indofecarbo.xylic acid, indole, skatole, etc. 
(3, 9), have been tested and found to be nearly devoid of growth activity 
as measured by the Arena test. Obviously, the activities demonstrated 
in this work arc of the same order of magnitude as that of indoleacetic acid. 
Hence the formation of auxin from tiyptophanc by weak alkali can perhaps 
explained on the basis of indoleacetic acid formation. However, the 
failure of strong alkali to form auxin is not easily explained. We have 
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ronsifh'icd the po.-^sihilily lli.nl ‘-troMp nlkiili ronvcrt.n Irj'ptopimnc to a 
profliirt innipahlc of piviiif: .n f^rowlh nviporiJ-c. Tlio cxpprimonts in which 
it wii.n .nliowii lli.nl auxin wiik fomicd from I ryplophnnc which \vn.s in contact 
wit Ii ,‘^t roup; alkali for only I.n mimitos at low tcmiKTaturc.'^ appc.nr to make 
tliis liyiiotlii'sis tonalih'. Hiil a hcttor proof of thia explanation would lie 
in the deprarlation of the intermediate products of the reaction; t.c., 
eonver.sion of inactive iiidolepropionie acid to active indolcacctic acid, and 
eonvortinp: indoleaeelie acid to inactive indolecarhoxylic acid, indole, or 
.skalole, etc., by slroiif^ base. 'I’liis we ha\'e been unable to accomplish 
with either of the two compounds by boiling with 0.5 N' XaOII for C hours. 
Indolc.neetie acid is certainly .stable under .such condition.s; although 
iiidolepropionie acid may be ehaiiRed, if still fail.s to pivc a growth response. 
We have also considered that the amino group m.ny contribute to the 
instability of the tryi)lo[)hane moleenle. With glycine ns a potential 
source of amino nitrogen, eiiiial molecular fpiantitie.s of indolcacctic acid 
and glycine boiled with alkali faileil to eau.se a lo.s.s of activity of the 
indolcacctic acid. .Similarly, indolepropionic acid was not converted to a 


growth-active .substance in the iire.sencc of glycine and alkali. 

The problem would be simplified were it po.ssible to adopt standard 
colorimetric procedures for the identification of tryptophane. Unfortun- 
ately, the reactions employed appear to l>e characteristic for the indole 
ring rather than specific fora particular compound (5), and even though a 
test for tryptojihanc after strong alkali treatment might indic.afe the pres- 


ence of a compound containing the indole ring, one could still not be sure 
which one of the indole compounds was present . That an indole compound 
docs remain after proteins are boiled with strong alkali is, after all, the basis 
of standard biochemical jirocedures for the determination of tryptophane. 

Aside from the very interesting fact that animal proteins, after digestion, 
yield substances which stimulate growth when tested by oat plants, the 
much larger amount of hormone produced from ca-^ein by strong alkah 
compared to weak alkali and enzymatic hydrolysis is strikingly different 
from the amounts obtained in a similar manner from gelatin. The anuno 
acids contained in casein which arc theoretically absent from gelatin are 
valine, liydroxyglutamic acid, and tryptophane (2). In view of our 
previous findings on the tendency of tryptophane to be converted to 
auxin, it seems probable that the tryptophane contained in casein is the 
responsible factor. The larger quantity of auxin evolved from casein by 
heating with 0.5 N NaOH, when compared to yields by enzj'mcs and 0.05 N 
NaOH and to the relatively constant amounts obtained from gelatin 
(irrespective of the mode of hydrolysis), may be interpreted as follows, 
the strong base hydroly^zes the protein molecule more than weak alka i. 
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the tryptophane so released is then acted upon by the alkali and decom- 
posed to an auxin, presumably indoleacetic acid. Additional e'S’idence in 
support of this explanation has been found by u.sing zein, a protein which 
also lacks tryptophane. In preliminarj' e.xperiments, almost identical 
amounts of auxin were obtained when this protem was boiled for 12 hours 
with 0.5 and 0.05 n XaOH. A studj' is now in progress at this laboratory 
which is designed to test the growth actirdtj- of those amino acids contained 
in gelatin, casein, and zein. 

The data in Table V show that ti^'ptophane is unstable under a variety 
of conditions, and still other conditions should be tried. Recently, a num- 
ber of methods for the extraction of au.xin from plant tissues ha%'e been 
suggested w'hich incorporate the use of alkali (1,6). It will be necessary 
to reconsider .such results from the standpoint of try-ptophane lability and 
rapid conversion to a plant growth substance. With one method of 
e.xtraction (6), only 0.6 mg. of free tryptophane would have to be present 
in a kilo of wheat seeds to account for the increase in auxin reported. This 
has been calculated on the basis that 2.5 mg. of trj'ptophane under identical 
conditions of alkalinity yield 30.3 y of growth substance (Table I')- Simi- 
larly, in another method boiling or autoclaving com endosperm tissue with 
buffer solution at pH 9.0 to 10.0 is recommended. It is not improbable 
that tryptophane does occur as such in plants (8), and until it can be defi- 
nitely shoTO that there is no conversion of this substance to au.xin under 
the influence of alkali treatment, reported increases in auxin liberation 
must be view'ed with misgi™g. Cognizance should also be taken of the 
instability of tryptophane if nutrient solutions are to be made with (or 
with a source of) the amino acid and autoclaved with or without agar. 
The possibility e.xists that au.xin produced from the amino acid may influ- 
ence the specific reaction or phenomenon imder investigation. 

We realize that the information in this paper is not complete. Unfor- 
tunately, it has been necessary' to terminate the problem at this stage. 
We are therefore presenting the data with the hope that they may be 
applied to the methods of plant hormone e.xtraction and to the biological 
use of tryptophane. 

We wish to express our appreciation to Dr. F. G. Gustafson and Professor 
H. H. Bartlett, Department of Botany, University of Michigan, for their 
criticism and interest in this work. We are indebted to Dr. H. B. Lewis, 
Head of the Department of Physiological Chemistry’, University of ilichi- 
gan, for his advice and for supplying the proteins used in this study. This 
W'ork was performed while the authors held F. C. and Susan Eastman Xew- 
combe Fellowships in plant physiology'. 
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TitviTot’ifAXi: fONVi;i!Hro.v to auxin 


KUMMAIIV 

1. Trypfopli.'iiic licalcil for 7 lioiir.-* with NnOfI vnn'ing in concentration 
frf)m 0.2~) to 0.1)002") .v yields readily defected fpinritifie.'! of a plant gronih 
lioniione fauxin). Hi-atiriK for 7 hours in distilled water n!?o converts 
tryptopliaiie to auxin. 

2. When t ryfitojiliane is allowed to .stand in eorifact, with 0.25 sKnOH 
for lo minutes at room lerniKTutiire, a l.nrKi! amount of nu.\in is formed; 
with inerea.sinfr tempera! iire.s, still more auxin i.s formed, mth maximal 
conversion at ahout SO”. At hipher temperatures, auxin formation rapidly 
decrea.^e.s. 

3. Gelatin, a j)rotein laelcinp; try|)lophane, produced about equal amounts 
of auxin whether hydrolyzed with 0.5 or 0.0,’) N XaOH. C.a.®cin, a protein 
containing tryptophane, producetl much larger amounts of nu.xin when 
hydrolyzed with 0.,") N NaOII th.an with 0.0,') N NaOII. It is suggested 
tliat till' trypfoiihaiie contaiiu'il in proteins is a potential source of au.xin 
when .sucli proteins are dige.sted with alkali. 

‘1. Tryptophane is also rapiflly converted to auxin under comparatively 
mild conditions of heat, pff, etc. .^ince recent methods for the extraction 
of auxin from plant ti.ssuc.s incorporate the use of alk.alinc conditions, it is 
suggested tliat the.se methods he reviewed in the light of the present 
ob.scn’ations on auxin formation from tryptophane under similar conditions. 
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THE DETERMINATION OF ASCORBIC ACID IN WHOLE 
BLOOD AND URINE THROUGH THE 2,4-DINITRO- 
PHENYLHYDRAZINE DERIVATHTI OF 
DEHYDROASCORBIC ACID* 

Bt JOSEPH H. ROE and CARL A. KUETHER 

(From the Department of Biochemistry^ School of Medicine, George Washington 
University, Washington) 

(Received for publication, November 28, 1942) 

In a previous paper (I) we have reported a new color reaction useful in 
the determination of vitamin C. When the 2,4-dinitrophenylhydrazine 
derivative of dehydroascorbic acid is treated with 85 per cent sulfuric acid, a 
reddish colored product is formed which absorbs maximaHy at 500 to 
SSO and 350 to 380 mp. The proportionality of the color obtained in this 
reaction is in excellent agreement with Beer’s law in the ranges used 
(Fig. 1). In the procedure reported the dehydroascorbic acid osazone 
ciystals are separated by centrifugation and washed before treatment for 
color production. These are time-consuming steps and they do not permit 
the development of a microprocedure. We have, therefore, used this new 
reaction to develop a direct method for the determination of vitamin C 
irithout removal of the reagent, 2,4-dinitrophenylhj’drazine. In this 
paper we are reporting the application of this direct procedure to the 
determination of vitamin C in blood and urine. 

In subvitaminosis C the ascorbic acid disappears more rapidly from the 
plasma than from the red cells, white cells, or platelets (2). Hence the 
vitamin C content of blood is of greatest interest when the determination is 
made upon whole blood. Almost all blood vitamin C determinations 
reported thus far have been upon plasma, for the reason that the oxidation- 
reduction methods in use are not applicable to whole blood analysis unless 
the oxj'hcmoglobin, which is an oxidant of ascorbic acid in deproteinizing 
procedures, is rendered inert b)' saturation with CO, as in the method of 
Butler and Cushman (3), or by reduction, as in the procedure developed 
hj’ Kuether and Roe (4). The latter procedures are somewhat difficult 
for experimental work and are not adaptable to clinical use. Hence there 
IS an outstanding need for a simple method for determining ascorbic acid in 
"hole blood. 

, by a grant from the Committee on Scientific Research, American Med- 

■ciu Association. 

_Rc arc indebted to Merck and Company, Inc., for contributions of ascorbic 
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i>r,Ti:i!MiN’ATio.v or Aw.’onruc acid 


•jOO 

III our proci'dun' si trirlilnronrotic arid fdtrufc of blood or urine is shaken 
with riorit uiul filtored, Tiir norit I’l'inlicM the solution and oxidizes the 
nscorbic arid to dcliydronMvubii' acid, .Ascorbic acid is not oxidized 
quantitatively by norit urdev-i the .solution eonlainsa reagent like acetic or 
tricliloroneetii; acid. Afifiarenlly the acetic acid is preferentially nd'orbed 
on tJie norit and aetive o.vypen is eluted in quantifies hiiflicicnt for rapid 
oxidation. Xorit (illrate is treated with 2. l-dini(roi)honyllmlrazinc and 
tliiourea for .'I hoiir.s at Thitiurea is es.seritial to produce a mildly 

rednein;,' niedimn, as o.vidant.s li.ave been found to produce a .slight colora- 



Fig. 1. Cftlihration curve m.adc witli (he Evelyn photoelectric colorimeter wit 
Filter 5.10. Solid line, curve obl.niiicd accordinp to the procedure described in t is 
paper (3 hours incubation at 37°); broken lino, curve obtained ivhcn cr 3 ’St.aU ^ 

isolated after 21 hours at room temperature and tiion dissolved in S5 per cent HjS i- 

tion of tlic 2,-J-dinitropheny]Ii\'drazinc .solution at 37°. Color is produced 
hy adding 85 jier cent .sulfuric acid. This method appears to be com- 
pletely specific. It has exceptionally good precision and will permit 
determination of amounts down to 0,2 •>- in -I cc. of filtrate. 

Reagents — 

2,4-Dinitrophenylhydrazinc reagent. Dissolve 2 gm. of 2,4-diniti^ 
phenylhy'drazine in 100 cc. of approximately 9 x HcS 04 (3 parts of H: 
to 1 part of concentrated HjSOj) and filter. 

Acid-washed norit. Place 200 gm. of norit in a large flask and add I lilc>' 
of 10 per cent HCl. Heat to boiling. Filter with suction. Kemovc t lo 
cake of norit to a large beaker, add 1 liter of distilled water, stir up fko>^* 
oughly, and filter. Repeat this procedure, until the washings gi'C ii 
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negative or very faint test for ferric ions. Dry overnight in an oven at 
110-120®. Do not heat to high temperatures. We recommend washing 
the norit for complete protection against interference. Some grades of 
activated carbon may not require washing. To determine whether wash- 
ing is necessary, a blank test may be run upon trichloroacetic acid wash- 
ings of the carbon to be used; if the latter give no more color by this 
procedure than is obtained ndth trichloroacetic acid not passed through the 
carbon, then washing the carbon need not be carried out. 

Trichloroacetic acid. Prepare a 6 per cent solution for blood work and a 
4 per cent solution for urine analysis. 

85 per cent sulfuric acid. To 100 cc. of distilled water add 900 cc. of 
concentrated H5SO4, sp. gr. 1.84. 

Thiourea solution. Dissolve 10 gm. of thiourea in 100 cc. of 50 per cent 
(by volume) aqueous ethyl alcohol. We have found that this reagent keeps 
satisfactorily at least 2 months. It should be checked occasionally. It 
must readily reduce HgCh or KMnOi. 


General Procedure 


Preparation 0/ Blood Filtrate — In a 50 cc. centrifuge tube place 16 cc. 
of 6 per cent trichloroacetic acid. Add 5 cc. of whole blood (or plasma), 
drop by drop, and with a glass rod stir until a fine suspension is produced. 
Let stand at least 5 minutes, then centrifuge. To the supernatant fluid, 
add J teaspoonful (0.75 gm.) of acid-washed norit and vigorously shake or 
stir the latter through the liquid. Filter through a folded filter paper of 
about 9 cm. size. 


Preparation of Urine Filtrate — To 1 volume of urine add 19 volumes of 
4 per cent trichloroacetic acid. This dilution \vill serve for a range of 
1 to 300 mg. of ascorbic acid per liter of urine. With urines high in \’itamin 
C greater dilutions may be made, but dilutions of less than 1:20 should 
aot be Used. For each 40 cc. of diluted urine add 1 teaspoonful (1.5 gm.) 
of acid-washed norit. Shake vigorously and filter. 

Procedure for Norit Filtrate of Blood or Urine — Place 4 cc. of norit filtrate 
of blood or urine in each of tw'o matched photoelectric colorimeter tubes. 
Add to each tube 1 drop of the 10 per cent thiourea solution. Hold one 
tube in reserve for a blank and add to the other tube 1 cc. of the 2,4- 
dinitrophenylhydrazine reagent. Place the latter tube in a water bath at 
37 . The bath must be w’ell equipped by thermostat to maintain a 
constant temperature. Keep the tube immersed in the bath for exactly 
o flours. Remove and place in a beaker of ice water containing generous 
quantities of ice. Place the blank tube in the ice water also. To each of 
f tubes, while in the ice water bath, add very' slowly 5 cc. of 85 per cent 

:S04. Tire sulfuric acid is added from a burette, a drop at a time, a step 
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Tadlk I 


Calculation Chari for Ucc with Krclyn Photoelectric Colorimeter hy Technique 
Outlined. Mg. of Ascorbic Acid against Galvanometer Reading 
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0.0000 

0.0000 

0.0000 
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0.00022 

0.00015 

0.00008 

50 

0.0181 

0.0182 

0.0180 

0.0179 

os 

0.0000 

0.00052 

0.00015 

0.00038 

58 

o.oini 

0.0180 

0.01,88 

0.0180 

07 

0.0000 

0.00082 

0.00075 

O . OOOOS ; 57 

0.0198 

O.OIOf. 

0.0101 

0.0193 
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0.00112 

0.00105 
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0.0205 

0.0203 

0.0202 

0.0200 

05 

0.0015 

0.00142 

0.00135 

0.0012 .S 

55 

0.0212 

0.0210 

0.0208 

0.0207 
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0.0010 

0.0018 

0.0017 

0.0016 

51 

0.0219 

0.0217 

0.0210 
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03 
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0.0022 

0.0021 
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53 
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0.0221 
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52 
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01 
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51 
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90 
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10 
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48 
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47 

0.0274 

0.0272 
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0.0050 
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40 
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28 
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which requires about 1 minute. . (Do not use stop-cock grease. Use 
H 2 SO 4 for lubricating the stop-cock.) It is very important not to allow the 
temperature of the solution to be raised ajipreciably, as this will bring 
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about a charring of sugars, or other organic matter, and thus a positive 
error %vill be introduced. Finallj’^ to the blank tube add 1 cc. of the 2,4- 
dinitrophenylhydrazine reagent. Both tubes are shaken thoroughly under 
the ice water to obtain complete mbdng and are then removed to a rack. 
After 30 minutes wipe the tubes dry and clean and read in a photoelectric 
colorimeter. The correct filter is one transmitting maximally at 540 m;i. 
To make the reading, place the blank tube in the colorimeter and .set the 
galvanometer at 100 if the Evelyn type of colorimeter is used, or at zero if 
a null point instrument (Klett-Summerson) is emploj'ed; then take the 
reading of the unknown. If an Evelyn colorimeter with a 540 mu filter 
has been used. Table I may be employed for calculation. As 4 cc. of filtrate 
were taken, the calculation will be as follows: 

For Blood, l:i Dilution — (Mg. from Table I) X 100 = mg. per 100 cc. of blood. 

For Urine, 1:20 Dilution — (Mg. from Table I) X 5000 = mg. per liter of urine. 

If a null point colorimeter is used, appropriate standards must be run 
along with the unknown tubes, or a calibration curve and chart must be 
constructed. To do this make up standard solutions of ascorbic -acid 
varjing from 0.25 to 15 7 per cc. in 4 per cent trichloroacetic acid. Treat 
with norit, filter, and make the determinations exactly in the same way as 
described above. 

The above outlines this procedure in its simplest form. One may run 
duplicates as desired. Actually the precision is so good that a single 
determination may be relied upon except for precise or critical investiga- 
tions. If an Evelyn colorimeter is used, a constant center setting for the 
blank tube is established with a little experience, and after that the blank 
need not be run, except occasionally, or when new reagents are prepared. 
Twelve to thirty tubes are conveniently run simultaneously, hence one 
may analyze a large number of bloods or urines at the same time. 

This determination necessitates a photoelectric colorimeter in order that 
a- compensatory adjustment for the yellow color in the reagent blank may 
be made. 


, DISCUSSION 

Spcdficify — We have established the specificity of this method by several 
types of e.xperiments. 

First, we analyzed the blood and urine of guinea pigs with acute scuiwy. 
We obtained whole blood values ranging from 0.04 to 0.13 mg. per 100 cc. 
and urine value.? of 1.0 to 3.0 mg. per liter. One urine .sample collected 
po.st mortem from the bladder of a guinea pig that died with scuiwj- gave 
a completely negative value for ascorbic acid. Inasmuch as one may not 
expect complete disappearance of vitamin C from the red cells, white cells, 
and platelets of the blood, or from the urine of guinea pigs at the onset of 
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acute symptoms of scurvy, these findings are interpreted as good evidence 
for the specificity of this method. 

A second type of evidence is obtained by an analysis of interfering sub- 
stances. In this method interference would be expected from aldehydes or 
ketones, which couple with 2,4-dinitrophenylhydrazine. Such compounds 
as pyruvic acid and acetoacetic acid readily couple with 2,4-dinitro- 
phenylhydrazine but their derivatives do not react with sulfuric acid under 
the conditions of this reaction and sulfuric acid solutions of these deriva- 
tives do not absorb in the 540 m/i region in which the color obtained with 
the ascorbic acid derivative is read. 



Fig. 2. Transmittance curves of derivatives of 2,4-dinitrophenj41iydrazine 
obtained with the Coleman photoelectric spectrophotometer. Curve 1 represents 
the dehydroascorbic acid derivative; Curve 2, the transmission curve of Filter 540 
(Evelyn); Curve 3, the blank with reagents; Curve 4, the glucose derivative; Curve 
5, the fructose derivative; Curve 6, the xylose derivative. 

The absorption spectra of sulfuric acid solutions of the derivatives formed 
with pentoses, hexoses, and glucuronic acid show that the latter might 
interfere slightly in this method (Fig. 2). However, the concentrations 
at which these substances yield interference are very considerably greater 
than those found in blood and urine filtrates. As shown in Table II, glu- 
cose begins to interfere when there are present 1.5 mg. per cc. This means 
that in blood filtrates of a 1:4 dilution interference will not occur until 
a blood containing 600 mg. per 100 cc. is encountered ; and even in diabetic 
bloods with glucose concentrations ranging from 600 to 1200 mg. per 100 
cc. the amounts of additive error would be only 0.008 to 0.03 mg. per 100 
cc. In urine the substance most likely to interfere is glucuronic acid. 
This substance exists in the urine principally in the conjugated form but 
one must consider that hydrolysis may occur in a solution as strongly acid 
as that used in the coupling process of this method. As shown by Table II, 
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free glucuronic acid begins to interfere when there is present 0.125 mg. 
ncr cc., or 125 mg. per liter. Since the urine is diluted 20 times, or more, 
m this method, one may not expect interference until a urine containing 
2500 mg. of free glucuronic acid per liter is encountered. The latter con- 
centration of glucuronic acid in urine would be observed only rarely, if at 
all. In blood the total glucuronic acid concentration has been reported to 
be 10 to 25 mg. per cent (5). Table II shows that interference may not be 
expected in blood until a concentration of 50 mg. per cent is reached, and 
analysis of bloods with this content of glucuronic acid would show a plus 
.vor of only 0.04 mg. per 100 cc. It thus appears that interference from 
glucuronic acid in blood and urine analysis may be expected to be neg- 
ligible. 


Table II 

Data Showing Amount of Plus Error Thai May Occur in Analysis of Solutions 
Containing Glucose, Xylose, Fructose, or Glucuronic Acid 


The results are given in mg. per cc. 


Quantity 

analytra 

E< 3 mvalent as ascorbic add 

Glucose j 

Xylose ! 

Fructose 

Glucuronic acid 

0.12o 

1 j 

! 


0.00010 

0.25 

I j 

i ' 


0.00022 

0.50 

1 I 

1 i 

0.00002 

0.00039 

1.00 

i 

1 0.00002 ! 

1 0.00006 

0.00092 

1.50 

j 0.00002 

1 0.00005 ! 

1 0.00012 


2.25 

! 0.00005 

' 0.00010 

! 0.00014 


3.00 

0.00008 

, 0.00020 

i 0.00017 



Of outstanding importance is the fact that one may easily determine 
whether or not interference from substances that couple with 2,4-dini- 
trophenylhydrazine exists in this method. This may be done by the simple 
expedient of determining the amount of ascorbic acid in norit filtrates of 
varjing dilutions. As shown in Table II, when glucuronic acid, fructose, 
xj'lose, or glucose is present in amounts sufficient to couple, ascorbic 
acid j’ields more color than these substances by amounts averaging approxi- 
mately as follows: glucuronic acid 1200 times, fructose 17,000 times, 
xj'lose 29,000 times, glucose 52,000 times. From these data it is obvious 
that one maj' dilute a filtrate until no reaction is obtained with these 
possible interfering substances and still get a satisfactory reaction uith 
ascorbic acid. In a practical test one would expect that dilution of a 
filtrate would give values lower in proportion to the dilution made, if in- 
terference is present ; and if one gets the same values upon dilution, one 
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Avoiild assume that interference is not present. Wlien filtrates of the 
same blood are made by diluting 1 :4, 1 :8, and 1 : IG, or filtrates of the same 
urine are prepared by diluting 1:20, 1:40, and 1:80, and these varying 
dilutions are analyzed by our method, the same value is obtained in the 
three dilutions of the blood or the urine, within limits of sati.sfactor}' pre- 
cision. Thus, this method not only appears to be completely specific by 
theoretical considerations but it is also capable of being simplj- and rapidly 
tested for interfering substances in any blood or urine. 

As this is a very sensitive reaction, one must guard against substances 
that react with the reagents. We have found that oxidizing agents such as 
Fe+++ ions and HiO: will produce an interfering color with 2,4-dinitro- 
phenylhydrazine. On the other hand, reducing agents such as thiourea, 
Fe++, or Sn++ ions do not interfere. In order to protect against interfer- 
ence bj’ oxidizing agents we introduce a small amount of thiourea into the 
reaction mixture. This produces a mildly reducing medium which does 
not slow down the coupling appreciably and is a complete protection 
against the slight interference from oxidants that might occur. The norit 
is washed vith acid to remove traces of metals in the elementarj’’ form, 
also to diminish the concentration of Fe ions. 

Acenmaj and Precision — ^^Vo have added ascorbic acid to blood and 
urine and obtained recoveries by this method ranging from 96 to 104 per 
cent. The precision of this method is excellent. In an experiment in 
which ten analyses of the same blood filtrate were carried out, the mean 
value was 0.71 mg. per 100 cc., the standard derdation was ±0.01,the prob- 
able error of a single determination was ±0.007, and the maximum devia- 
tion was 0.04 mg. per 100 cc. 

Mechanis7n of Jteaclion — The red product formed in this procedure ap- 
pears to be a new compound for the following reasons. Solutions of the 
2,4-dinitrophenjdhydrazine derivative of dehydroascorbic acid in alcohol, 
glacial acetic acid, and dilute sulfuric acid are bronm in color. Ti^en the 
concentration of sulfuric acid is raised to 60 to 85 per cent, a deep red 
color is formed. Addition of excess water causes the separation of a 
brownish compound which has the same appearance and absorption 
spectrum as the original derivative and yields a red solution when mixed 
again with 85 per cent sulfuric acid. The reaction is therefore reversible 
and it is suggested that the mechanism is a dehj’^dration. 

Siahiliiy of Color — This color is quite stable. Prepared from blood fil- 
trate, it showed no change in 40 minutes and a maximum fading of 2.25 
points in the galvanometer reading in 18 hours on standing in an open tube. 

SUMMARY 

1. A new method for the determination of ascorbic acid in whole blood 
or plasma and in urine has been developed. Tn this method dehydro- 
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ascorbic acid is coupled with 2,4-dinitrophenylhydrazine and the resulting 
derivative is treated with IliS 04 to produce a newi}’- observed color which 
is measured in a photoelectric; colorimeter, 

2. This method is rapid and it possesses a high degree of specificity and 
precision. 
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STUDIES ON THE JIETABOLISM OF ZINC WITH THE AID OP 

ITS radioactrt: isotope 

1. THE EXCRETION OF ADMINISTERED ZINC IN URINE AND FECES 

By G. E. SHELINE, I. D. CHAIKOFF, H. B. JONES, and 
M. LAURENCE MONTGOMERY 

(From the Division of Physiology, University of California Medical School, 
Berheley, and the Division of Surgery, University of California 
Medical School, San Francisco) 

(Received for publication, November 12, 1942) 

Although investigations of the distribution of administered zinc in the 
body have been carried out (1-3), they have required the introduction 
into the animal of relatively large amounts of the salt of this metal. While 
these studies are significant in respect to the amounts administered, the 
extent to which they depict the metabolism of zinc in the normal physio- 
logical state is difficult to determine. 

In the present investigation the excretion of zinc was studied in the dog 
and mouse by means of its radioactive isotope. The use of radiozinc per- 
mitted the intravenous administration of minute amounts of the salt of 
the metal. Since the total zinc content of the body was not increased 
appreciably by the introduction of the labeled zinc, the excretion of Zn*® 
may be regarded as representing the endogenous picture of zinc excretion. 

EXPERIMENTAU 

Radiozinc (Zn'®) was removed from the surface of the copper deflector 
plate of the 60 inch cyclotron. It was produced during the course of 
numerous bombardments with both protons and deuterons. The reactions 
involved are shown in the foUouTng equations. According to Livingood 
and Seaborg (4), Zn'® is produced by the reaction shown in Equation 1 
plus either one of those shown in Equations 2 and 3. 


(I) 

-f ,H‘ — 

— » ,oZn® -f on< 

(2) 

«Cu“-b,D5 — 

jDZn“ 4- 2on» 

(3) 

„Cu« + ,D« — 

—* «Zn“ -b f 


The copper deflector plate was washed with cotton moistened uith con- 
centrated nitric acid. The cotton was then treated with HCl and the 
solution obtained evaporated to dryness. To insure complete removal 
of nitric acid, HCl was added to the dried material and the mixture again 
brought to drjmess. 0.5 jr HCl was added and the solution saturated with 
The acid-insoluble sulfides were filtered out. When large concen- 
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trations of copper were present, it was found necessary to repeat the H;S 
treatment several times to effect the complete removal of the copper. The 
filtrate was evaporated to dryness and thus freed of H:S. The residue so 
obtained was dissolved in a small quantity of 0.5 N HCI and the solution 
transferred to a separatory funnel. 0.5 ml. of 20 per cent citric acid was 
added and the solution made slightly alkaline with concentrated NHiOH. 
The zinc was then removed by extraction with a chloroform solution of 
dithizone. The chloroform phase was washed with dilute ammonia water 
to remove excess dithizone. The zinc was extracted from the chloroform 
layer with 0.1 N HCI. 

Since the most likely contaminants of zinc obtained by this method of 
extraction are cobalt, nickel, lead, and cadmium, tests were made at this 
point to determine their presence in the 0.1 n HCI solution. A few mg. 
of ZnClj were added as carrier to each of a series of small aliquots of the 
0.1 N HCI solution. A small quantity of either Cods or NiCl; or Pb(N 03 ): 
or CdCl; was then added to each aliquot and these metals separated from 
the zinc. The cadmium and load were precipitated as sulfides and the 
cobalt and nickel as hydroxides. Each precipitate was redissolvcd and 
reprecipitated to reduce adsorption or occlusion of zinc; the precipitates 
were then tested for radioactivity. In no case was radioactivity found 
in the precipitates of cadmium, cobalt, nickel, or lead. Since radioactive 
cadmium, lead, cobalt, or nickel would have been precipitated with their 
respective non-radioactivc isotopes, it was concluded that the solutions of 
radioactive zinc were free of the radioactive isotopes of cadmium, nickel, 
cobalt, and lead. 

The 0.1 N HCI solution was then taken to diyness and the ZnCl; dis- 
solved in water. The zinc content of this solution was determined colori- 
metrically by shaking it with an ammoniacal chloroform solution of dithi- 
zone and comparing the color so produced with standard solutions prepared 
in the same manner. The ammoniacal chloroform solution of dithizone 
containing zinc as an organic complex was then subjected to (1) evapora- 
tion, to got rid of the chloroform and ammonia, and (2) ashing at 450°, 
to get rid of organic material. The Zn was finally obtained as a solution 
of its chloride. 

Injection and Care of Animals. Dogs — Adult dogs weighing from 3.5 
to 5.2 kilos were injected intravenously with the solution of radioactive 
, ZnCb. The animals were placed in individual metabolism cages where the 
feces were caught on a wire screen and the urine collected in a glass bottle. 
Specimens of urine and feces were i-emoved at intervals. 

Mice — The large ventral tail veins of 3 month-old mice weighing 18 to 
23 gm. were dilated by placing the tails in a beaker of warm water for 1 
to 2 minutes. The ZnCb solution was diluted ivith a large volume of 
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normal saline; 0.10 cc. was the total volume injected into the dilated tail 
%’ein of each mouse. The mice were then placed in glass beakers which 
served as metabolism cages. Filter paper folded in the shape of a cone 
was placed on the bottom of the beaker and covered -nith { inch mesh 
screen. The urine was absorbed by the paper, where it soon dried. The 
feces rolled off toward the sides of the beaker. The feces were carefully 
removed from the beaker. The beaker was then washed and the washings 
transferred to a casserole containing the filter paper, where it was evapo- 
rated to dryness. 

Analysis of Excreta. Mice — The fecal material was carefullj”' removed 
from the filter paper containing the dried urine by means of fine forceps 
and a camel’s hair brush. The feces and the filter paper containing the 
dried urine were ashed separately at 450“ in an electric furnace. The ash 
was transferred to squares of blotter paper, which were then uTapped in 
cellophane, and its radioactivity determined by a Geiger-Miiller counter. 
Zn'^, in its decay, emits both positrons and -y-rays, as shoum by the follow- 
mg reactions (4). 

(4) aoZn®® r -f* 

(5) soZn® -f -le’ >• sCu® 

Emission of positrons, as shoum in Equation 4, is of seconder}' importance 
to the electron capture shown in Equation 5. The positrons emitted have 
relatively low radiation energies (5) . In the case of such low energy values, 
self-absorption might be expected to complicate the measurement of the 
activity of samples yielding different ash weights. Under the conditions 
employed here, however, it was found that varying amounts of ash contain- 
ing the same quantity of radioactive zinc yielded approximately the same 
number of counts per minute on the Geiger-Miiller counter. This was 
taken to mean that the materials used in wrapping the samples together 
with the counter tube were of such thickness as to absorb effectively the 
soft particle radiation (positrons). Thus in the measurements of Zn'® 
only the hard penetrating 7-rays were counted and no correction was 
necessary for self-absorption of particles within the sample. Counts thus 
obtained were compared with those of blanks made from the stock solution 
of Zn'^ The radioactivity found in each sample of urine and feces is 
e.xpressed as a percentage of the adminbtered dose. 

Dogs — Owing to the larger quantities involved, the analyses of dog ex- 
creta presented a somewhat different problem from those of the mice. 
The samples of urine and feces were dried and ashed in the electric muffle 
at 450° for 12 to 18 hours. If at this time appreciable amounts of unashed 
material remained, the soluble portion was dissolved in HCl and filtered 
off, the unashed fraction returned to the muffle, and the ashing continued. 
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Occasionally small quantities of the larger samples were not completely 
ignited even after the second ashing. In these eases the small amounts 
of HCl-insoluble material vere filtered out and a separate determination 
of its activitj’^ made. The HCl solution was filtered into a volumetric 
flask and diluted to volume. Suitable aliquots verc pipetted into beakers 
and diluted to 25 to 30 cc. Approximately 30 mg. of Zn (as the chloride) 
were added and the solution nearly neutralized with dilute NaOH. The 
zinc was precipitated as the carbonate by (he addition of a saturated solu- 
tion of K2CO3. Care ^Yas taken not to add a large excess of the carbonate 
solution. If the solution was too acidic, a considerable amount of foaming 
occurred upon the addition of the carbonate. The bcakei’s were cither 
placed on a steam bath for a few minutes or allowed to stand ovemight, 
to aid coagulation of the precipitate. The jirccipitatc was filtered through 
a 5.5 cm. filter paper. The paper was removed from the filter funnel and 
the edges trimmed to form a rectangle. The precipitate was spread over 
the surface of the filter paper and dried bj' means of radiant heat from an 
electric light bulb. The sample was then wrajipcd with 2 inch Scotch 
tape. Its radioactivity was determined as described above. 

Rcsitlls 

Mice — The results obtained in mice arc recorded in Fig. 1 . Samples of 
urine and feces at each time interval were obtained from a group of three 
to four mice kept in a single chamber. The values recorded in Fig. 1 arc the 
averages for a single mouse. Observations were extended o^•cr a period 
of 170 hours. Each mouse received intravenously a total of 0.33 t of 
labeled zinc, an amount that is negligible with respect to the amount of 
zinc already contained in the animal. 

At the end of 170 hours, over 50 per cent of the injected Zn*'^ was elimi- 
nated by way of the gastrointestinal tract. The most rapid excretion by 
this path occurred during the first 10 hours; at the end of this time approxi- 
mately 20 per cent of the administered radiozinc was found in the feces. 

Injected radiozinc made its appearance early in the urine of mice. 0.2 
per cent of the injected dose was present in the urine as early as 2 hours. 
A total of 2 per cent of the administered Zn®® was found in the urine by 
170 hours. 

Dogs — The results obtained on two dogs are recorded in Fig. 2. Dog XV 
weighed 4.8 kilos and received intravenously 5.7 7 of labeled zinc, whereas 
Dog XVI, which weighed 4.0 kilos, was injected with 6.5 y of labeled zinc. 
The excretion of Zn®® was meaisured during a period of 15 days. 

It required 15 days for approximately 25 per cent of the injected Zn®® 
to be excreted in the feces of the dog. Although the slopes of the curves 
for feces in Fig. 2 are smaller at the later intervals than at the earlier ones, 
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it should not be inferred that the total amount of zinc eliminated by the 
gastrointestinal tract is less during the earlier than during the later 
intervals. 

The specific actmty of the circulating zinc is higher in the earlier than 
in the later inten^als after the iniection of Zn«. This probably accounts 
for the change udth time in the slopes of the fecal curves shorni in Fig. 2. 



Fig. 1. The excretion of Zn« in the urine and feces of the mouse. Each point 
represents the average value for a single mouse. Each mouse received 0.33 y of la- 
beled zinc intravenously. The mice weighed 18 to 23 gm. 

Fig. 2. The excretion of Zn“ in the urine and feces of the dog. Dog XV weighed 
4.8 kilos and received 5.7 y of labeled zinc intravenously. Dog XVI weighed 4.0 
kilos and received 6.5 y of labeled zinc intravenously. 

Less than 5 per cent of the Zn^ was excreted in the urine of Dog XV 
during the first 15 days after its administration. Even less was e.xcreted 
in the urine of Dog XVI during this interval. 

As already pointed out, the total amount of zinc injected is negligible 
as compared wHith the total zinc content of the dog; and hence it is reason- 
able to believe that the excretion of zinc observed here is an inde.x of the 
endogenous excretion of zinc. 

Our thanks are due to Professor E. 0. LauTence and members of the 
Radiation Laboratorj' for use of the deflector plate of the cyclotron from 
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which the radiozinc was obtained. The assistance of Dr. P. R. Stout in 
the separation of the Zn"* is gratefullj’’ acknowledged. 

SUMMABY 

The exeretion of intravenouslj’’ injected radiozinc into the urine and 
feces of the dog and mouse was investigated. The use of the radioactive 
isotope permitted the injection of minute amounts of zine, amounts that 
were negligible when compared with the total amounts of zinc alrcadj' 
contained in the animal. 

1. A large fraction of the Zn“ appeared in the feces. In the mouse, 
as mueh as 50 per cent was eliminated by waj-- of the gastrointestinal 
tract in 170 hours. In the dog, about 25 per cent was found in the feces 
at the end of 12 to 14 days. 

2. Labeled zine appeared earlj' in the urine of both mice and dogs and 
continued to bo excreted throughout the periods of observation; namcb’, 
170 hours in the ease of the mice, and 15 days in the case of the dogs. Tlie 
amounts of Zn” eliminated by this route were small, compared with those 
by way of the feces. A total of 2 per cent of the administered radiozinc 
was found in the urine of the mouse at the end of 170 hours. In 15 days 
the dog eliminated 1.2 to 4,7 per cent of the injected Zn®* in the urine. 

3. The results obtained hero are interpreted to moan that a large frac- 
tion of the body zinc is eliminated by wa 3 ' of the gastrointestinal tract. 
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II. THE DETEiailNATION OF KETO ACIDS IN BLOOD AND URINE* 
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(Received for publication, August 31, 1942) 

Of the many methods used for the determination of pyruvic acid, the 
most sensitive are those which are based upon the reaction of this acid with 
the nitrophenylhydrazines. These methods are not specific for pjTuvic 
acid, but they are highly specific for keto acids as a group. The object 
of this paper is to point out how present procedures can be modified for 
identification and determination of the individual keto acids. 

The principles underlying these methods were first described in 1913 by 
Dakin and Dudley (1). These authors noted that 4-nitrophenylhydra- 
zinopropionic acid and the 4-mtrophenylhydrazones of pyruvic, glyoxylic, 
and phenylglyoxylic acids could be separated from other hydrazones either 
by treatment with a 10 per cent solution of sodium carbonate or by their 
differential solubility in alcohol. The salts of the hydrazones, if present 
in sufficient quantity, could be reprecipitated by acidification of the alkaline 
solution. Dakin and Dudley further noted that the “merest trace” of 
the hydrazones of glyoxal, methylglyoxal, and phenylglyoxal in sodium 
hydroxide solution, best with NaOH in alcohol, gave blue or purple colors 
which faded to red or bro\vn; on the other hand, all of the acid hydrazones, 
including that of phenylglyoxylic acid, gave an intense red coloration with 
NaOH solution or with NaOH in alcohol.* These principles have since 
been applied by Neuberg (5-7), Barrenscheen and Dregus (8), Case (9), 
Peters and Thompson (10), Pi-Suner and Farran (11), Lu (12), Larsson 
and Liljedahl (13), and Bueding and Wortis (14). 

Lu (12) has applied the procedure to the determination of pyruvic acid 

* This study was aided by the Clara A. Abbott Fund of Northwestern Uiuversity. 

The experimental data were taken from a thesis submitted by Gladys E. Haugen 
to the Department of Physiological Chemistry of Northwestern University Medical 
School in partial fulfilment of the requirements for the degree of Master of Science 
in the Graduate School of Northwestern University, 1942. 

IThat derivatives of 4-nitrophenylhydrazine yield violet or red solutions in 
sodimn hydroxide was first noted by Bamberger (2). Hyde (3), W'ho first prepared 
the pyruvic acid hydrazone and many other hydrazine derivatives, and who described 
their color reactions in alkali, failed to record the effect of alkali on the pyruvic acid 
derivative. Other 4-nitrophenylhydrazones were prepared by Dakin (4), all of 
which, including the glyoxj’lic acid derivative, gave deep red colors in alkali. 
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in small samples of blood. This has been modified somewhat by Bueding 
and Wortis (14) and others (15, IG). In the.se methods the trichloroacetic 
acid filtrate (8) is .allowed to react 10 minutes with 1 mg. of 2,4-dinitro- 
phenylhydrazine in 2 N HCl, after which the solution is extracted 3 times 
with small volumes of ethyl acetate. The combined extracts arc then 
reextracted 3 times with small volumes of 10 per cent solution of Na;C0:. 
The combined alkaline extracts arc extracted once more with ethyl acetate, 
after which thej' arc made strongly alkaline with NaOH and the intensity 
of the resulting red color is determined in a photoelectric colorimeter. The 
reaction with hj'drazine and the extractions arc carried out in test-tubes. 
The phases are mixed by blowing air or nitrogen through a Wright pipette 
(a glass tube drawn to a capillary point), and one of the phases is removed 
after each extraction by means of the pipette which is fitted nath a rub- 
ber bulb. 

Although the Lu method represents a great advance in technique, it still 
retains one of the features of the older procedures which could be eliminated 
without loss of accuracy or specificity; namely, the complete extraction of 
the hydrazones by means of ethyl acetate and the subsequent complete 
extraction of the acid hydrazones with strong (10 per cent) carbonate 
solution. The seven extractions require much time, and the many trans- 
fers of solution from one tube to another (three test-tubes arc needed) 
require the careful attention of the analyst. We have found that one 
extraction of the hydrazones from the reaction mixture and one rccxtrac- 
tion with carbonate are sufficient. Only one test-tube is required; this 
eliminates the laborious transfer of extracts from one tube to another. 

In addition to its simplicity, this procedure favors the differential extrac- 
tion of hjffirazones. For example, S cc. of ethyl acetate, when well mixed 
with the 4 cc. of reaction mixture, extract approximatelj' 81 per cent of 
the p.yruvic acid hydrazone, 79 per cent of the a-ketoglutaric acid hydra- 
zone, and 89 per cent of oxalacetic acid hydrazone. On the other hand, 
toluene extracts 93 per cent of p 3 ’ruvic acid h.vdrazone, 29 per cent of 
a-ketoglut£iric acid h.vdrazone, and onlj' 18 per cent of oxalacetic acid 
hj'drazonc. The specificity can therefore be greatlj" enhanced b.v the 
proper choice of solvent. These differences are not so apparent when the 
reaction mixture is extracted completely, as in older procedures. 

As was shown bj’- Bamberger, Hj'de, and Dakin and Dakin and Dudley, 
all of the nitrophenjdhydrazones possess the property of forming deeply 
colored w.ater-soluble salts in sodium hjffiroxidc. Thus, a solution of an.v 
of the hydrazones, methjdgl.voxal hj’-drazone for example, in benzene or 
other suitable solvent is readity extracted bj' means of strong alkali. 
When the extraction is carried out with a 10 per cent solution of carbonate, 
the hydrazones of gljmxals and aldehydes are extracted only slightlj", 
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while the hydrazones of keto acids are extracted almost quantitatively. 
Since the hydrazones of glyoxals and aldehydes form some salt even in 10 
per cent carbonate solution, and thus become more soluble in the aqueous 
phase, their effect can be minimized by reducing the number of extractions. 

Besides the simplified Lu procedure for the determination of keto acids, 
we shall present also a method- for the determination of “total hydrazones” 
in blood which should prove useful not only as a rapid clinical method, 
but also as a means of determining (by difference) the concentration of 
reactive neutral keto compounds (aldehydes, ketones, trioses). 

Method 


Reagents — 

Protein precipitanls. A 10 per cent solution of trichloroacetic acid is 
prepared at frequent intervals and kept in the refrigerator when not in use. 
Old solutions, or solutions which have stood overnight in a warm room, 
may contain considerable quantities of a substance, presumably a keto 
acid, which yields increased and variable blanks. 

A 10 per cent solution of metaphosphoric acid is freshly prepared each 
week and kept in the refrigerator when not in use. 

Lloyd’s reagent. 

Solvents. Xylene, toluene, and benzene are recommended for the deter- 
mination of pyruvic acid. Ethyl acetate’ or other non-specific solvents 
such as ethyl ether and caprylic alcohol are useful in the determination of 
total keto acids. 

Keto acid standards. Either freshly distilled pyruvic acid or lithium 
pyruvate, prepared according to the directions of Wendel (18), may be 
used. Enough H 2 SO 4 is added to bring the final acidity to approximately 
0.1 N. The a-ketoglutaric acid standard is similarly prepared. None of 
these standards when kept in the refrigerator has sho'wn evidence of dete- 
rioration during a period of at least 6 months (19). 

5 cc. of freshly diluted standard solution, containing from 0.25 to 6.0 mg. 
of pyruvic acjd per 100 cc., are added to 25 cc. of acid precipitant. The 
determinations are then carried out as described later under “Extraction 
method.” 

’ A similar method has been described by Sealock (17). 

• Ethyl acetate should be anhydrous and of c.p. or reagent quality. The used 
reagent is extracted three times with 0.1 volume each of a saturated solution of cal- 
cium chloride (approximately 75 per cent at 30°). Anhydrous sodium sulfate is 
then added (200 gm. to each liter of ethyl acetate), and the mixture is allowed to 
stand several hours, with frequent shaking, before the fractional distillation. Frac- 
tions boiling at from 73-78° may be used. A standardization curve is made for each 
fraction or batch of solvent. 
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Hydrazine reagents. Either 2,4-clinitrophcnylIiy(lrazinc (Eastman, No. 
1866) or the hydrochloride of 4-nitrophcn.ylhydrnzinc (Eastman, No. 979) 
may be used. 2,4-Dinitrophcnylh3'drazino is preferred because it reacts 
more rapidl)’^ with keto acids, its solution is stable, and it m.aj' be used for 
the determination of “total hydrazones” as well as keto acids. 100 mg. 
are ground in a mortar with increasing small volumes of approximately 
2 N HCl until 100 cc. have been added. The solution is filtered through a 
small filter paper and is then kept in the refrigerator when not in use. 

Sodium carbo7iaic. A 10 per cent solution.'* 

Sodium hydroxide. Solutions of approximnteh’ 1.5 x and 2.5 x strength 
are prepared.* 

Colleetion of Sarnple — Blood is withdrawn from the vein bj'' means of 
diy 2 or 5 cc. s 3 'ringes fitted with 21 gauge h 3 'podermic nccdl&s (20). It is 
withdrawn with a minimum of stasis before collection; the tourniquet is 
removed immediately after entty of the needle into the vein. This pre- 
caution should be observed, despite the fact that continued moderate stasis 
during the collection of the sample does not perceptibly affect the p 3 ’ruA'ic 
and lactic acid levels. However, the subject should be cautioned against 
clenching and opening the hand, since such muscular movements may affect 
the results. Although the use of cold S 3 Tinges is preferred, s 3 Tingcs cooled 
to the temperature of the room will 3 'ield satisfactory results. Warm 
S 3 n’inges should never bo used. The s 3 'ringo is hold verticalb' while the 
plunger is .slowb' moved upward to the mark. 

The sample is then rapidly ejected in a fine stream through the needle 
into 5 volumes of cold solution of acid precipitant (trichloroacetic, meta- 
phosphoric) contained in a cork-stoppered, 15 or 50 cc. centrifuge tube. 
The tube is then stoppered, shaken, and centrifuged, after which it is kept 
in the refrigerator until ready for anabasis. Samples prepared in this 
manner have been stored 2 da 3 ’'s in the cold without demonstrable loss of 
P 3 n-uvic acid or gain of lactic acid.® If lactic acid is to be determined,® 
a syringe of 5 cc. capacit 3 " is used; otherwise a tubereulin precision s 3 Tinge 
of 2 cc. capacity is emplo 3 'ed. 

* If stored in ordinary bottles, the solutions soon contain considerable quantities 
of suspended material. They should be kept cither in paraffin-lined bottles or in 
Pyrex containers. The carbonate solution should be filtered if it is not clear imme- 
diately after preparation. 

‘ In the case of subjects in ketosis, the precipitated sample should stand overnight 
in the refrigerator to eliminate the slight effect of acetoacctic acid on the determina- 
tion. The interfering effeet of acetone in the determination of lactic acid is overcome 
by boiling the final filtrate from the Van Slyke CuSO<-Ca(OH )2 reagents for a minute 
or two before the analysis is begun. 

® If the Shaffer method (21) is used, the acid reagent should contain 50 cc. of 
S3'rupy (85 per cent) phosphoric acid and 200 gm. of manganese sulfate per liter. 
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24 hour specimens of urine are collected in large, cold bottles which 
contain 5 cc. of 20 n H 2SO4. Single specimens are collected in cold con- 
tainers, and 0.5 cc. of 20 N H:!S04 is added for each 100 cc. of urine. At 
this acidit5' (0.1 to 0.05 n), the pyruxnc acid content of the urine is not 
changed appreciably during another 24 hours of storage in the refrigerator. 
2 cc. of urine are added to 10 cc. of 10 per cent solution of metaphosphoric 
or trichloroacetic acid. This solution (when kept cold) will remain un- 
changed with respect to pyruvic acid for at least 24 hours. 

Urine, or samples which contain indicators or other non-precipitable 
colored material, should be treated \rith Lloyd’s reagent. 0.75 gm. of 
the reagent is added to each 10 cc. of strongly acidified urine or acid extract. 
A concentration of approximately 0.1 x acidity is recommended; at lower 
acidities appreciable quantities of keto acids may be lost. The mixture 
is filtered immediately. 

Extraction Method; General Procedure 

3 CO. of the cold, clear supernatant solution, or 3 cc. of the diluted sample 
of urine, are transferred to a small (18 X 150 mm.) test-tube. If it is 
necessary to take a smaller sample, enough of the blank solution is added 
to bring the volume to 3 cc. The contents of the tube are warmed 10 
minutes in a bath of water at approximately 25°. 1 cc. of the hydrazine 
reagent is then added, and the mixture is allowed to react for exactly 5 
minutes. 

Exactly 8 cc. of ethyl acetate or other suitable solvent’ are now added 
and a rapid stream of nitrogen (or air) is passed through the mixture for a 
period of 2 minutes. Most of the lower aqueous layer is then removed by 
means of the Wright capillary pipette, through which the current of gas 
has passed. The test-tube is next given a sudden circular motion which 
dislodges the solution adheiing to the walls. The remaining solution is 
then removed. 

Exactly 6 cc. of sodium carbonate solution are now added to the solvent 
and a rapid current of gas is again passed through the mixture for a period 
of 2 minutes. The capillary tube is removed and the two phases are 
allowed to separate. A 5 cc. pipette is inserted quickly through the upper 
layer; air is momentarily blown through the pipette to discharge the 
aqueous extract and a small quantity of solvent. The solution is then 
draum into the pipette and the tip of the pipette is wiped free of adhering 
solvent before the volume is adjusted to the mark. The contents are 
then transferred to a colorimeter tube. 

’ This is the largest volume of solvent which can be added without subsequent 
mechanical loss of the contents from the small test-tube during the aeration. 
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Exactly 5 cc. of 1.5 n NaOH solution arc added and the contents of the 
tube are immediately mixed. Reading.? are made by means of the photo- 
electric colorimeter, with Filters -120 and 520, 5 to 10 minutes after addi- 
tion of the alkali. The absorption of light by the colored hydrazone salt 
is determined after the apparatus is .set to maximum transmi.ssion (100 
galvanometer readings, or zero reference point, depending upon the t 3 'pe 
of colorimeter used) l\v means of the reagent blank. 

When chloroform or cthjd ether is used, the tube is kept cold by placing 
it in a beaker containing ice water. This prevents loss of the solution b}' 
volatilization. If chloroform or other solvents which are heavier than 
water arc used, the procedure must be changed as follows: After the first 
extraction, the upper la.ycr is carcfulh' removed bj" means of the Wright 
capillaiy pipette and discarded. The extraction of the lower chloroform 
la^^er with aqueous carbonate .solution is then carried out as described 
above. 5 cc. of the upper la.vcr are taken for the final development of color. 

The presence of extractable indicators, d.vcs, or other colored materials 
maj' seriously affect the results. Should anj’ such color remain after 
treatment with Llo.yd’s reagent, the error can be minimized bj' setting up 
two more tubes, C and D, as follows: Tube A, reagent blank + 1 cc. of 
hj'’drazinc reagent; Tube B, sample 1 cc. of hydrazine reagent; Tube C, 
reagent blank -f 1 cc. of 2 n HCl ; Tube D, .sample + 1 cc. of 2 x HCl. The 
contents of Tubes A, B, C, and D are e.\tracted as alread.v described. The 
absorption of light bj' the soluble colored material in Tube D is determined 
after the apparatus is set to maximum transmission b.v means of the reagent 
blank, Tube C. The results are e.xpressed as p.vruvic acid; Tube B — D = 
corrected pj-ruvic acid content of the sample. Examples illustrating this 
method of correction for the color are given in Table II. 

It should be noted that the method makes use of the distribution prin- 
ciple; therefore, il is ncccssarjj io measure all sohdions loith care. Because 
of the volatility of the soh^ents and other sources of error, the dclermination 
should be carried to complclion ivith a minimum of delay. If manj’' deter- 
minations are made, the hydrazine is added to successive samples at defi- 
nite intervals (at, say, eveiy 30 seconds). This permits accurate timing, 
which is essential in the analj'sis of urine. In this laboratorj’’, seven deter- 
minations, including the blank, are made at one time, the time required 
being 45 minutes to 1 hour. 

Extraction Method; Specific Procedures for Pyruvic and Dicarboxylic 

Keto Acids 

Two sets of tubes with their appropriate blanks are set up as alreadj*^ 
described. 3 cc. of the protein-free trichloroacetic acid filtrate, or of the 
diluted sample in trichloroacetic acid solution, are warmed to 25°, after 
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T\-hich 1 cc. of 2 ,4-dmitrophenylhydrazine is added. The subsequent steps 
are shown in Table I. 

Calibration curves are prepared by analyzing pyruvic acid standards 
by both procedures. All results are expressed in terms of pjTuyic acid. 
Procedure A is itsefid for the determination of total keto acids. Procedure B 
is highly specific for pyruvic acid; approximately 10 per cent of the a-keto- 
glularic acid and 5 per cent of oxalacetic acid can also be determined by it. 
The results obtained by means of Filters 540, 420, and 400 permit the 
calculation of the approximate concentrations of each of the keto acids. 
The methods of calculation are given below. 


Table I 

Exiradion Procedures A and B 



Procedure A 

Procedure B 

Incubation of reaction mix- 

25 min. 

5 min. 

ture at ±25° 



Extraction; volume and 

8 CO. ethyl acetate or other 

3 cc. xylene, toluene, or 

solvent ■ 

non-specific solvent 

benzene 

Reextraetion with carbon- 

6 cc. 10% solution 

6 cc. 10% solution 

ate solution 



Alkali added to 5.0 cc. of 

5.0 “ 1.5 H NaOH 

5.0 “ 1.5 N NaOH 

extract 



light filter No. 

540, 420, 400 

520 


Direct Method; Total Hydrazones 

3 cc. of the cold protein-free blood extract arc transferred to a colorimeter 
tube. The contents are warmed 10 minutes in a beaker of water at approxi- 
mately 25°. 1.0 cc. of hydrazine reagent is then added. The mixture is 
now incubated 5 minutes, after which 6.0 cc. of 2.5 n NaOH are added. 
The color is determined 9 to 11 minutes after addition of the alkali. A 
reagent blank is prepared at the same time. 

If the extract or diluted sample contains interfering colored material, 
four tubes (A, B, C, and D) are set up and the determination is carried out 
as described above. Examples showing the magnitude and the method 
of the correction for color in Tube D are given in Table II. 

The effect of various substances on the determination is as follows: 
less than 1 per cent, hexoses, glucuronic acid, ascorbic acid, kojic acid; i to 
10 per cent, acetylpyruvic acid, acetoacetic acid, le\’ulinic acid; greater 
than 10 per cent, formaldehyde (and urotropin), acetaldehyde, glyoxal, 
methylglyoxal, glyceraldehyde, acetone, glyoxylic acid, oxalacetic acid, 
a-ketoglutaric acid. 
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EXPERIMENTAIi 

Preparation of Samples for Analysis 

Preeipitants — The following protein prccipitants wore found unsatis- 
factory for the determination of pyruvic acid in blood: colloidal iron 
(22, 23), zinc (24), copper (25), and cadmium (2G) hydroxides, and the 
Folin-AVu tungstic acid reagents (27). 

Of all the preeipitants so far used, trichloroacetic acid is the only one 
which has yielded almost quantitative recoveries, from 98 to 99 per cent 
of added keto acid. Its solutions, however, arc unstable and, on long 
standing in a warm room, may contain considerable quantities of hydrazinc- 
binding substances. Blood fdtrates when allowed to stand 4 hours at 35- 
37° too may contain incrc.ascd quantities of “pyruvic acid” equivalent to 
0.05 to 0.15 mg. per 100 cc. of blood and considerably increased quantities, 
from 0.1 to 0.3 mg. per cent, of other reactive — CO — compounds. Under 
the same conditions, urine samples which have been diluted with 5 volumes 
of the reagent maj- contain from 0.1 to O.G mg. per cent more of “pyruvic 
acid” and slightly more of other reactive — CO — compounds.® 

We suggest the use of metaphosphoric acid as a fairly satisfactory pre- 
cipitant. The solutions are less stable than those of trichloroacetic acid, 
and blood filtrates are not as clear. The recovery of p3TUvic acid added 
to samples of blood is not as great when metaphosphoric acid is used, from 
92 to 94 per cent. However, the incre.ase of hydrazine-binding substances 
in filtrates which are allowed to stand several hours in a warm room is 
consistentl.v smaller than that in filtrates prepared with trichloroacetic acid. 

The origin of these substances is not clear. The greater acidity of tri- 
chloroacetic acid filtrates, together with the elevated temperature, maj’ 
bring about a slight increase of color bj'- decomposition of hemoglobin and 
other substances; it favors dissociation of hexameth.vlcntetramine, which 
is alwaj^s present in normal urine, and it accelerates the acetone decom- 
position of acetoacetic acid. These and other changes may account for 
the increase of total — CO — compounds, but not for the apparent increase 
of extractable chromogenic hydrazones, or keto acids. Some of the keto 
acid is probablj^ derived from the decomposition of trichloroacetic acid, 
catalyzed bj'^ substances present in the samples. 

Lloyd’s Reagent — Many indicators and dyes are removed quantitativelj’’ 

' In our experience, such conditions are by no means unusual. They may be 
encountered when samples are collected in trichloroacetic acid (20) during the warm 
months at some distance from the laboratory; for example, in studios carried out on 
the athletic field, the samples being brought to the laboratory some time later. 
Whenever inconsistent results have been obtained from such samples, it has been 
found that no precautions were taken to keep the precipitated samples cool. 
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by Lloyd's reagent in acid solution (0.1 n H:S0<) as are, for example, 
methyl red, methyl orange, alizarin, litmus, fuchsin, eosin, safifranine, 
gentian \-iolet (crystal violet), and methylene blue. The phthalein indi- 
cators are onlj^ partiallj^ removed. These indicators are readily e.xtracted 
by the solvent and they are reextracted by the carbonate solution. They, 
therefore, interfere greatly in the determination (Standard 3, Table II). 
Lloyd’s reagent removed approximately 85 per cent of the indicator. It 
did not perceptibh’’ affect the recover}’' of pyruvic acid (Standards 2 and 4, 
Table II). 1 gm. of Lloyd’s reagent for each 10 cc. of solution is perhaps 


Table II 

Lloyd’s Reagent; Removal of Color and Recovery of Added Pyruvic Acid 


The density of the color was determined by means of the Evelyn colorimeter, with 
Filter 520. The analytical data are expressed as mg. of pyruvic acid per 100 cc. 



Pyruvic 

0.04 per 
cent 
phenol 
red 

Lloyd’s 

Direct method 

Extraction method, ethyl 
acetate solvent 



added 

reagent 

Tube 

B 

Tube 

D 

Tube 

B - D 

Tube 

B 

Tube 

D 

Tube 

B - D 



mg. Per 
100 ce. 


gm. Per 
to cc. 







Standard 1 

2.38 

None 

None 

2.38 

0 



0 

2.38 

tt 

2 

2.38 

ft 

1.0 

2.35 

0 



0 

2.35 

tt 

3 

2.38 

WSm 

None 

3.84 


2.41 

3.89 

1.42 

2.47 

tt 

4 

2.38 

MM 


2.53 

EBI 

2.35 

2.68 

0.21 

2.37 

tt 

5 

2.38 




0.16 

1.89 

1.91 

wSM 

1.70 

Urine la 



None 


0.28 

3.22 

2.46 

mSM 

2.32 

tt 

lb 







2.24 

wm 

2.12 

ft 

2a 



None 

3.41 

0.34 

3.07 

2.97 

0.20 

2.77 

tt 

2b 







2.68 

0.11 

2.58 

tt 

3a 



None 

3.69 

0.40 

3.29 

3.02 

0.17 

2.85 

It 

3b 







2.57 

0.02 

2.55 

tt 

3c 

2.19 


None 




4.95 

0.08 

4.87 

tt 

3d 

2.19 


m 




4.67 

0.02 

4.65 


the maximum which can be added without loss of pyruvic acid. Thus, the 
addition of 3 gm. of Lloyd’s reagent to 10 cc. of Standard 5 led to a marked 
loss of keto acid and no further removal of the indicator. 

The acidity of the solution is also important. Thus, only 81 per cent 
of p}TUvic acid was recovered from a standard (not sho'rni in Table II) 
which contained only 5 drops of n HCl per 100 cc. In all of these deter- 
minations the filtration was begun within a minute or two after the reagent 
was added and mixed. 

Urine was collected from normal human subjects over a period of 24 
hours. Three samples whose volumes were less than 1200 cc. and which 
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were soincwliat more deeply colored lluiii ii.siial were (akeii for analy.sis. 
The rcsidts in Table II .‘^how fhal. nhoid. one-half of the urinary pigment 
was removed by treal.ment witb Lloyd’s reagent. 

A satisfactory recovery of added pyruvic acid was obtained, provided 
not more tbnn 1 gm. of Lloyd’s reagent was added to 10 cc. of urine. 5 cc. 
of water, or standard solution which contained 2.10 mg. of pyruvic acid, 
were added to 100 cc. of LTrine .3. The increase of pyruvic acifl in the un- 
treated sample Urine 3c was 4. 87 — 2.85, or 2.02 mg. per cent. The 
increase of pyruvic acid in Urine 3d, which was treated with Lloj'd’s 
reagent, was 4. 05 — 2.55, or 2.10 mg. per cent. 

Taulk III 

Lloyd’s Reagent; Recovery of a-Ketoglutaric and Oxalacclic Aeids 
3.0 cc. of sample in tricliloroncetic ncid were inciih.'ited 20 minute."! with 2,4- 
dinitrophenylhydrnzinc to insure complete reaction of all keto acids. Tlic extrac- 
tions were carried out with ethyl acetate and 10 per eent Xa-COj solution. Tlic 
Evelyn colorimeter, Filter 520, was u.scd. The rc.sults arc e.xprcs.sed ns mg. per cent 
of pyruvic acid. 


Keto acid added 

Standard 

Urine 




iamdii 

«-Ketoglutaric 

nif. P<r 
(cnt 

1.00 

1.06 

1.09 

1 mjC. /■er cent 

1.00 

1.04 

1.09 

nt. trr ctnl 
incre^e 

1.04 

1.00 

l.Ol 

rtf. per eent 

1 increase 

' 0.92 

1.03 

1.00 

Oxalacetic 

Pyruvic 



Similar satisfactorj" recoveries were obtained when equivalent quanti- 
ties of a-ketoglutaric and oxalacetic acids were added to urine. See 
Table III. 

Although Lloyd’s reagent thus does not remove appreciable quantities 
of added keto acids, it does remove substances whose hydrazoncs are 
extracted by the solvent and which therefore interfere in the determination 
of pyruvic acid. Thus, Urines lb, 2b, and 3b of Table II, which were 
treated with the earth, contained 0.20, 0.19, and 0.30 mg. per cent less 
of “pyruvic acid” than the untreated samples. Since this procedure in- 
creases the specificity of the method for a-keto acid, we recommend that 
all samples of urine be treated with Lloyd’s reagent. 

Comparison of Authors’ Method with That of Ln, Bueding, and Wortis 

Before a discussion of the reaction of carbonyl compounds with the nitro- 
phenylhydrazines and the factors which influence the extraction of the 
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resulting hydrazones, it should be shown that the authors’ single exlradion 
procedure and the procedures of Lu, Bueding, and Wortis, which depend 
upon complete extraction, yield identical results. This can be seen in 
Table R’'. In these determinations separate standardization curves were 
prepared for each of the procedures, including the authors’ modified 
procedure. In the latter, the carbonate e.vtracts were allowed to stand 1 

Table IV 

Comparison of Results Obtained with Lu, Bueding, and TJ'^ortis Method and Authors' 
General Method, Ethyl Acetate As Solvent 


Standardization curves were prepared for each of the procedures, including the 
authors’ modiBed procedure. 


Sample 

Pyruvic acid 

Lm 

Lli9 

Pyruvic acid, 
raodiBed 

Lu, Bueding, 
and Wortis 
method 

Authors’ 

tnelbod 

Lu, Bueding, 
and Wortis 
method 

Authors* 

method 

authors* 

method* 

Blood 1 

wf. per cent 

3.13 

mg. per cent 

3.30 

1,32 


3.14 

" 2 


1.43 

1.36 

1.29 

1.30 

“ 3 


0.64 

1.30 

1.34 

0.67 

“ 4 


1.04 

1.37 

1.27 

l.OS 

“ 5 


0.86 

1.40 

1.32 

0.86 

" 6 

1.24 

1.22 

1.32 

1.33 

1.24 

“ 7 

0.93 

0.95 

1.37 

1.34 

0.94 

" 8 

0.70 

0.73 

1.43 

1.39 

0.73 

Urine 1 

1.22 

1.17 

1.48 

1.41 

1.16 

" 2 

1.28 

1.25 

1.49 

1.50 

1.26 

“ 3 

1.86 

1.94 

1.52 

1.41 


“ 4 

1.96 

2.16 

1.55 

1.41 


“ 5 

1.02 

1.11 

1.47 

1.32 


“ 6 

2,28 

2.45 

1.51 

1.40 


" 7 

1.62 

1.92 

1.78 

1.56 


“ 8 

1.32 

1.32 

1.51 

1.49 

1.34 

“ 9 

0.47 

0.48 

1.63 

1.52 

0.60 

" 10 

2.80 

2.91 

1.50 

1.43 

2.80 


* The sodium carbonate extract was allowed to stand 1 hour at room tem- 
perature before the alkali was added; see the text. 


hour exposed to air at room temperature before the alkali was added and 
the final determination was made. This appeared to be necessarj’ because 
the results obtained by the authors’ method in many instances were higher 
than those obtained by the Lu, Bueding, and Wortis method. Apparentlj^ 
the carbonate extracts from urine and blood contain substances which, 
during the long time required to make the last four extractions, bring about 
the oxidation of pyruvic acid. When the authors’ method was modified 
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to make the conditions approximatelj'^ the same in this respect, tlic two 
methods yielded results which agreed within the limits of experimental 
error. 

Specificity — Case, Peters and Thompson, and Lu have shown that their 
extraction procedures are specific for keto acids. The degree of specificity 
under the conditions of our method is summarized in Table V. It will 
be seen that the a-keto acids are determined cquallj' well. On the other 
hand, by this procedure only about 6 per cent of acetoacetic acid, which is 


Taulf, V 

Reaction of Carbonyl Compounds with 2,4-Dinitrophcnylhydrazinc and Properties of 

Hydrazoncs 





Authors* extraction method 

Authors’ 
direct method 









Substance 

necessary ' 
for com- 1 
plete 
reaction 

Interference 
in determina- 
tion of 

pyruvic ncid'i 
(Filter 520) 

Hydraione ex- 

tracted by 1 
8 cc. solvent 

Light absorp- 
tion of 

Light absorp- 
tion of 



nt 25* 

Ethyl 
ace- ; 
tate 

Ben- 

zene 

hydrazoncs > 
in alkali* 

hydrazoncs in 
alkali 



min. 

fer €€ni 

Per 

cent 

per 

cent 

L4:o 

Lao 

1 Leo 

Li:o 

o-Keto 

Pyruvic 

>5 


81 

93 

1.28-1.33 

1.28-1.40 

acids 

O.Nnlacetic 

20-25 


79 

19 

•1.28-1.32 

1.28-1.32 


a-Kctoglutario 

20-25 

■9 

89 

33 

1.95-2.00 

1.55-1.65 

(3 -Keto 

Acctoacctio 

>5 

G 



1.40-1.45 

1.35-1.40 

acids 

•y-Koto 

Levulinic 

>5 

1 



1.30-1.35 

1.40-1.45 

acids 

Aldehydes 

Glyceraldehydcl 

>5 

>1 




1.60-1.70 


Acetaldehyde 

>5 

>1 



i 

2.85-2.90 


Formaldehyde 

>5 

>1 




7.10-8.10 

Ketones 

Acetone 

>5 

>1 




1.45-1.50 

Glyoxals 

Methyl glyoxal 

>5 

>1 



1 

0.45-0.50 


Glyoxal 

>5 

>1 




0.30-0.35 


* Ethyl acetate solvent. 


a /3-keto acid, is determined, and approximately 1 per cent of levulinic acid, 
which is a y-keto acid. The method, therefore, is most specific for the 
a-keto acids. 


Reaction of Keto Acids xoith Phenylhydrazines 

Rate of Reaction — Equivalent quantities of pyruvic and a-ketoglutaric 
acids (14.5 and 24.1 y, respectively, in 3 cc. of trichloroacetic acid solution) 
were allow'ed to react with various nitrophenylhydrazines at 25°. After 
a specified period of time, 8 cc. of ethyl acetate were added and the extrac- 
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tions were carried out immediatelj'. The color of the alkali hydrazones 
was measured in the Eveij'n colorimeter, with Filter 520.® The results are 
sho^Ti in Fig. 1. Results are not shown for 3-nitrophenyl- and 2 ,4 ,G-tri- 
nitrophenylhydrazines, since no apparent increase of color was noted even 
after 1 hour of incubation. 



Fig. 1. Rate of reaction of pyruvic acid (O) and a-ketoglutaric acid (A) «ith 
nitrophenylhydrazines. Ethyl acetate solvent was used, and the readings were 
taken with Filter 520. 

2-Nitrophenylhj"drazine itself j’ields a pale yellow color on the addition 
of alkali. Its keto acid hydrazones in alkali also are yellow in color. The 
rate of reaction of this hydrazine with keto acids was approximately the 
same as that of 2,4-dinitrophenylhydrazine. On the other hand, 4-nitro- 
phenylhydrazine reacted very slowly. The reaction of the 4-nitro com- 

’ The light filters were obtained from the Rubicon Company, Philadelphia, Penn- 
sylvania, the makers of the Eveljm colorimeter. 
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pound with pyruvic acid was complete in about 30 minutes; the reaction 
with a-ketoglutaric acid required 120 minutes for completion. 

The reaetion of 2,4-dinitrophen3dhydrnzinc with pjTUvic acid was 
complete in 3 to 4 minutes at 25°. The following compounds also gave 
maximum results within less than 5 minutes of incubation at 25°: formal- 
dehyde, acetnldch.vde, glj'oxal, glyoxjdic acid, glj'ccraldehj'dc, methjd- 

Tabi.e VI 

Rale of Reaction of Keto Acids of Blood and Urine with S ,4-Dinitrophcnyl- 

hydrazine at SS° 


All urine samples were treated with Lloyd’s reagent. The c.vtraclions were made 
with c.p. ethyl acetate. The results are expressed in mg. per cent. 


Sample 

1 

Extractable hydraroncs, "pyruvic | 
acid" 

Total hydraroncs (corrected) ex* 
prc.'xed as p>Tuvic acid 

Extraction 
method 
after 5 min. 

After 5 
min. 

After 20 
min. 

After 60 
min. 

1 After 5 

1 min. 

After 20 
min. 

After 60 
min. 






■■■ 



Lao 






HjjH 



Lt:9 

Blood Al* 

1.17 

1.10 

1.19 


1.53 

1.00 

1.32 

It 

A2» 

1.10 

1.10 

1.16 


1.59 

1.68 

1.38 

11 

B 

0.76 

0.77 

0.77 

0.87 

1.13 

1.20 

1.38 

It 

C 

1.62 

1.02 

1.04 

2.01 

2.23 

2.30 

1.30 

Urine A I 

1.12 

1.54 

1.6S 

1.64 

2.32 

2.95 

1.47 

H 

B 

0.52 

0.72 

0.78 

0.73 

1.02 

1.54 

1.42 

II 

C 

2.21 

2.9S 

3.33 

3.06 

4.18 

4.17 

1.50 

It 

D 

1.27 

1.61 

1.67 

1.53 

1.98 

2.59 

1.48 

It 

E.t 

0.14 

0.24 

0.26 

0.25 



1.65 

11 

E. 

10.0 

11.1 

10.9 

11.3 

11.8 

12.8 

1.31 

II 

Eo 

23.0 

23.3 

23.2 

EH 

25.1 

26.5 

1.28 

II 

E. 

IS. 8 

19.2 

19.4 

EiB 

21.9 

22.3 

1.30 

It 

E, 

3.5S 

3.91 

3.93 

3.99 

4.25 

4.58 

1.37 


* Blood A1 was taken at 9.45 a.m.; Blood A2 5 minutes after the subject had 
walked 600 feet. 

t The subject ran as rapidly ns possible up seventeen flights of steps. In order to 
increase the flow of urine he drank much water during the 2 hours preceding and the 
1st hour following the period of exercise. Urine E, was collected just before the 
experiment; Urines Ei to Et at 15 minute intervals after the exercise. 


glyoxal, pyruvic acid, acetoacctic acid, acetone, and levulinic acid. Oxal- 
acetic and a-ketogliitaric acids required approximately 20 minutes for complete 
reaction. 

The reaction of hj'drazine with the carbonjd compound apparently pro- 
ceeds only in the aqueous acid solution and does not continue in the solvent 
phase, as is shown by the following e.xperiment. a-Ketoglutaric acid solu- 
tions were allotved to react exactly 2 minutes at 25° with 2 ,4-dinitrophenyl- 
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h}-drazine, after which the reaction mixture was extracted immediately 
with ethyl acetate. Immediate ree.xtraction of the solvent phase with 
carbonate yielded 45, 47, and 53 per cent of the maximum color; reextrac- 
tion after 30 minutes yielded 46, 49, and 40 per cent of the maximum color. 
These data demonstrate, first, that it is possible to stop the reaction at anj' 
time merely by extracting the mixture with a solvent and immediately 

Table VII 

Exlraclion of Keto Acid Hydrazoncs and S,4-Dinitrophenylhydrazine by Various 

Solvents 


Approximately equimolecular quantities of the keto acids were allowed to react 
to completion with 1 cc. of 2,4-dinitrophenylhj'drazine solution at 25°. The reaction 
mixture was then extracted with 8 cc. of the solvent indicated in the first column. 


SoK'cnt 

pyruvic acid 
nydruone 

a*Keto?lutaric 
acid faydrazoQc 

Oxalacetic arid 
hydrazone 

2,4-Dinitrophenyl- 

bydraxine 

OrboQ* 

ate 

extract 

Per 

cestex' 

tracted 

Carbon* 

ate 

extract 

Per 

cent ex- 
tracted 

Carbon- 

ate 

extract 

Per 

cent ex- 
tracted 

Residual 
color of 
reaction 
mixture 

Per 

cent ex- 
tracted 








1^9 



0.335* 


0.312* 


0.322* 


0.599t 



0.312 

93 

0.101 

33 

0.061 

19 

0.350 

42 

1 TO 

0.310 

93 

0.091 

29 

0.057 

18 

0.262 

56 

Xylene 

0.317 

95 

0.084 

27 

0.057 

18 

0.319 

47 

Chloroform 

0.318 

95 

0.215 

69 

0.101 

31 

0.191 

68 

Ethyl ether 

0.308 

92 

0.288 

92 

0.300 

93 

0.288 

52 

Caprylic alcohol 


85 

0.273 

88 

0.305 

95 

0.039 

93 

Ethyl acetate, c.p.. 


81 

0.245 

79 

0.286 

89 

0.008 

99 

** “ technical.. 



0.214 

69 



0.007 

99 


*By direct determination, without previous extraction. The other results in 
the column were obtained by multiplying the observed density, Luo, by 6/5, since 
5 cc. of the 6 cc. of carbonate extract were taken for development of color. 

t A mixture, consisting of 3.0 cc. of trichloroacetic acid solution and 1.0 cc. of 
hydrazine solution, was extracted with 8.0 cc. of solvent. The aqueous layer was 
then quantitatively transferred to a colorimeter tube; 6.0 cc. of water were added, 
and the yellow color was determined, with Filter 420. 

thereafter remotfing the aqueous phase, and, second, that the determination 
can then be carried out more leisurely after this extraction. 

Accurate timing is not so necessary in the analysis of the Mood, hut it is 
of the greatest importance in the analysis of urine or materials which con- 
tain dicarhoxylic keto acids and other slowly reacting substances. This is 
shown by the results in Table 

Absorption of Light by Alkali Hydrazones 

12.27 y of pyruvic acid and equivalent quantities of oxalacetic or a-keto- 
g utaric acids in 3 cc. of trichloroacetic acid solution were incubated with 
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various hydrazines at 25° until the reaction was complete. The extrac- 
tions and the development of color were then carried out as usual, and the 
photometric density was determined b}" means of the Eveljm colorimeter. 
Ethyl acetate solvent was used bccau.se it is most frcqucntl}’ used by other 
workers and because it is one of the few solvents which extracts approxi- 
mately equal quantities of the keto acid hydrazoncs (Table VII). 

It should be pointed out that the curves given in Fig. 2 are not identical 
with those given bj-' equivalent quantities of the pure hydrazones. The 
keto acid hydrazones exhibit marked difl'crcnccs in solubility (see Ta- 
ble VII), and the final solution therefore ma}' not contain exactly cquiva- 



Fig. 2. Light absorption of nitrophcnylhydrnzones of pyruvic and a-ketoglutaric 
acids. Ethyl acetate solvent was used. 

lent quantities of the h 3 'drazones, even though the reaction mixture in 
every case contained an equivalent quantitj' of keto acid. The final solu- 
tion also contains varjdng quantities of other impurities, which may affect 
the absorption of light. Fig. 2 therefore contains comparative results, 
such as are obtained under the conditions of the authors’ procedure. 

The hydrazones which resulted from the reaction of the three nitro- 
phen 3 dhydrazines differed great^’- in their light-absorbing properties in 
strongly alkaline solution. These results indicate that the red color of 
the 2,4-dinitrophenylhydrazones in strong alkali is probabl 3 ’^ due to sub- 
stitution of one of the nitro groups in the para position of the benzene ring. 

Of particular interest is the similarity of the curves of the pyruvic and 
oxalacetic acid hydrazones (Fig. 3). The curves of all three keto acids 
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coincided at wave-lengths greater than 540 m^i. The curve for a-keto- 
glutaric acid hydrazone differed markedly from that of the other keto acids 
at lower wave-lengths. 



Fig. 3. Light absorption of nitrophcnylhydrazones of pyruvic and oxalacetic 
acids. Ethyl acetate solvent was used. 

Table VIII 

Ratio of Lijo.'Lsio; Analysis of SoUdions Containing Varying Quantities of Keto Acids 
5.0 cc. of the solution, whose composition is shown in tlic table, were added to 
25 cc. of trichloroacetic acid solution. 3.0 cc. volumes were incubated at 25° with 
1 cc. of 2,4-dinitrophenylhydrazine. Single extractions were made with 8 cc. of 
solvent and 6 cc. of 10 per cent sodium carbonate solution. 



Solution 

! 

c.p. ethyl acetate solvent 

Pyruvic acid 

a-Ketoglutaric 

acid 

Molecular ratio of i 
pyruvic to a-keto- | 
glutaric acid | 

! 

5 min. incubation ' 

20 min. incubation 

wj. Per cent 

1 

j Per cent 

' 1 

1 1 

Luo 1 

Luo j 

L^o 

2.454 

0 

100:0 

1.27 ^ 

1.29 

2.209 

0.4064 

90:10 1 

1.32 

1.38 

1.963 

0.8128 

1 80:20 

1 1.38 

1 1.44 

1.718 

1.2192 

1 70:.30 

1 1.44 

1 1.50 

1.227 

2.032 

i 50:50 

1.56 

1 1.64 

0.6135 

3.048 

' 25:75 

! 1.73 

; 1.81 

0 

4.064 

0:100 

j 1.97 

1.99 


Identification of Keto Acids by Means of Ratio Lno'-Lssn 

The differences in the absorption of light b}' various hydrazones may be 
characterized by the ratio of the photometric densities at two wave-lengths 
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of light, sa3' at 420 and 520 m/i. I'liLs is shown in Table V. Each sub- 
stance jdcldcd ratios wliich varied somewlmt, dejicnding upon the concen- 
tration and the solvent used in tlie first c.Ktracfion. It was approximately 
the same whether determined directlj' or after extraction. The gijmxals 
yielded the lowest ratios. This was to lie expected, since the alkali 
hj'^drazones of glj'oxals have a violet color (1-3). The highest ratios were 
obtained from the paraffin aldch3'dcs, formnldch3'dc and acetaldch3'de. 

Since the extraction method is specific for koto acids, c.speciall3' for the 
a-keto acids, and since the Lko'Lko ratio 3'ielded b3'’ one of these acids is 
marked^’' higher than that of the other two, this i)ropcrt3' ma3' be used not 
only to identif3' the acids but also to determine the relative quantity of 
each. Thus, a ratio considcrabl3’’ greater than 1.30 indicates the presence 
of a-ketoglutaric acid. If the sample contains a-kctoglutaric acid, and 
relatively few other substances, the ratio can be used to calculate the rela- 
tive quantit3’' of a-ketoglutaric and p3TUvic acids. A marked increase 
of the ratio is observed when a-kctoglutaric acid constitutes as little as 
10 per cent of the total keto acids, as can be seen in the last column of 
Table VIII. The quantitative application of this principle is shown 
in Table XIII. 

Solvents 

Many solvents have been used in the past. The carl3’ workers extracted 
the crystalline ma.ss of h3'drazones with 10 per cent sodium carbonate (1, 5) 
or dilute ammonia (G) solution; the h3'drazoncs, after recover3' from the 
alkaline solution, were cr3’stallized from nitrobenzene (1) or ethyl acetate 
(7). Case and Peters and Thompson extracted the aqueous reaction mix- 
ture with ethyl acetate; the extract was evaporated, the residue was redis- 
solved in toluene, and the toluene solution was finall3' extracted with 
sodium carbonate solution. Lu and others (14, 16) extracted the reaction 
mixture with ethyl acetate. Pi-Suiier and Farriin used toluene, and 
Larsson and Liljedahl used eth3d ether. 

Use of Varioits Solvents — The solvents listed in Table VII were the best 
of many tested. The3’' represent man3’- t3'pes of compounds: esters, alco- 
hols, ethers, chlorinated h3'’drocarbons, and aromatic h3'^drocarbons. The3’' 
are arranged approximatel3'’ in the order of their efficienc3’’ in extracting 
the pyruvic acid h3’-drazone from the trichloroacetic acid reaction mixture. 
The aromatic hydrocarbons, chloroform, and ether extracted from 92 to 
95 per cent of pyruvic acid h3’^drazone. Capiylic alcohol extracted some- 
what less, and ethyl acetate the least. Turpentine, which contains 
terpenes similar in structure to the aromatic hydrocarbons, and kerosene, 
which consists of a mixture of lower paraffin lydrocarbons, proved unsatis- 
factory for the extraction of hydrazones. Likewise, carbon tetrachloride 
and butyl, isobutyl, and amyl alcohols were found unsuitable. 
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The results in Table VII demonstrate a marked difference in the degree 
of solubilitj' of the hj^drazones of the dicarbo.vylic acids in the various 
solvents. Appro.'dmate! 5 ' 30 per cent of the a-ketoglutaric and 20 per cent 
of the oxalacetic acid hj'drazones were extracted by the aromatic hydro- 
carbons. These hj^drocarbons also extracted much less of the unused 
dimtrophen 3 ’lhydrazone. Since thej' extracted more than 90 per cent of 
the pjTuvic acid hydrazone, their use is especiallj’’ recommended for the 
determination of pyruvic acid. Eth}'! ether, cupr^'lic alcohol, and c.p. 



Fia. 4. Standardization curves obtained with various solvents. Pyruvic acid 
standards were allowed to react 5 minutes with 2,4-dinitrophenylhydrazine, after 
which the extraction was carried out with 8 cc. of solvent. Filter 520 was used 
throughout. 

ethyl acetate extracted approximatelj' equal quantities of the three 
hydrazones. 

When pj'ruvate standards were analj'zed (Fig. 4), each of the solvents 
J'ielded results which followed Beer’s law; the photometric density was 
proportional to the quantity of keto acid anatyzed. The results obtained 
with ethjd acetate are of particular interest. This solvent, unlike the 
others, is difficult to prepare pure or to obtain in the anhj^drous state. 
Alcohol, which is a common impurity and which has practicalty the same 
boiling point, is removed with difficulty. Alcohol, water, and the var.ving 
quantities of denaturant, methylisobutyl ketone, which are present in all 
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grades of ethjd acetate, have a decided effect on the extraction of tlie various 
hydrazones. It is therefore not the best solvent, although it is perhaps 
the least toxic. 


Table JX 

Co7>iparison of Results Obtained with Various Solvents 
All urine samples were treated with Lloyd’s reagent. The density was determined 
with Filter 520. The results are expressed ns mg. of pyruvic acid per 100 cc. of blood 
or urine. 


Sample 

Solvent 

Ethyl 

acetate 

Renzene 

Toluene 

Xylene 

Chloroform 

Capr]>'lic 

alcohol 

Blood 1 

1.54 

l.CG 


■1 



't 2 

0.72 

0.94 



H9 


“ 3 


0.77 





" 4 

1.13 

1.27 





“ 5 

1.19 

1.34 





" 6 

2.75 


3.19 



2.56 

“ 7 



1.20 



0.82 

“ 8 

1.79 


2.01 



1.62 

" 9 

mSM 


0.8C 

0.80 

0.80 


“ 10 



1.16 

1.11 

1.1 


Urine 1 

1.47 

1.30 



1.32 

1.63 

“ 2 


0.50 



0.46 

0.49 

" 3 



2.48 



4.20 

“ 4 



1.66 


2.31 


" 5 

1.44 


0.92 

0.97 

1.19 


“ 6 

2.06 

1.13 

0.9S 


1.59 


“ 7 

2.83 


1.95 

1.90 

1.96 



Table X 


Ratio of L42o.’Ls2o, Obtained in Analysis of Blood and Urine Samples Shoivn in Table IX 


Solvent 

RIood 

6 

Blood 

7 

Blood 

8 

Blood 

9 

Blood 

10 

Urine 

1 

Urine 

2 

Urine 

3 

Urine 

4 

Urine 

5 

Urine 

6 

Urine 

7 

Ethyl acetate . . 

1.32 

1.39 

1.34 

1.41 

1.27 

1.51 

1.41 

l.GS 

1.58 

1.59 

1.63 

1.50 

Benzene 






1.37 

1.29 




1.36 


Toluene 

1.33 

1.35 

1.33 

1.41 

1.29 



1.42 

1.33 

1.34 

1.32 

1.29 

Xylene 




1.32 

1.32 



nRii 

1.33 

1.36 


1.31 

Chloroform 




1.37 

1.35 

1.39 

1.41 


1.47 

1.51 

1.42 

1.37 

Caprylic 













alcohol 

1.32 

1.35 

1.32 



1.51 


1.59 






Marked differences were noted when these solvents were used in the 
analysis of urine (Table IX). Such differences were to be expected, since 
urine contains considerable quantities of a-ketoglutaric acid. Caprylic 
alcohol and eth}^ acetate gave the largest yields of “pyruvic acid.” The 
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aromatic solvents, on the other liand, gave the smallest yields. These 
results are in agreement with the trends shown in Table tTI. 

When blood was analyzed, the aromatic hydrocarbons gave slightly 
higher yields of p3’ruvic acid. The differences were greater than the 
analj'tical error (see also Anah’ses 3 and 4 with Filter 520, Table XII). 
On the whole, however, the results obtained with the various solvents 
agreed fairh- well. 

The effect of the solvent on the ratio Lao'-Lsao is shown in Table X. 
"ttlien blood was anal3’zod, the various solvents 3'ielded almost identical 
ratios. TiTien urine was anal3'zed, ratios which approached those obtained 


Table XI 

Effect of Volume of Solvent 

The Eecond e.vtraction uas made with a 5 per cent solution of sodium carbonate. 



Volume of 
solvent 

Benzene 

Ethyl acetate 

Keto add* 


Increase or 
decrease (3 cc. 
100 per cent) 


Increase or 
decrease (3 cc. 
100 percent) 

Pyruvic 

«. 

3 

0.258 

per ceni 

100 

0.244 

pet cent 

100 

it 

5 

0.268 

104 

0.237 

97 

tt 

7 

0.273 

106 

0.232 

95 

tt 

10 

0.268 

104 

0.226 

93 

o-Ketoglutaric 

3 

0.016 

100 

0.177 

100 

tt 

5 

0.065 

141 

0.167 

94 

tt 

7 

0.082 

178 

0.162 

92 

tt 

10 

; 0.101 

220 

0.164 

93 


* Equimolecular quantities were allowed to react to completion with 2,'1-dinitro- 
phenylhydrazine, after which the reaction mixture was extracted once with the vol- 
ume of solvent indicated in the second column. 


with pure py-ruvic acid were obtained only when the aromatic solvents 
were used. 

Effect of Volume of Solvent — ^'fhat the o.xtraction of pyruvic acid hydra- 
zone is relatively' little affected by the volume of solvent is shown in Ta- 
ble XI. As the volume of benzene u.=ed for the e.xtraction was increased, 
the photometric density of the final solution was increased slightly; the 
reverse was noted when ethyl acetate was used. Proportionate slight 
decreases were seen when the a-ketoglutaric hydrazone was e.xtracted by 
increasing volumes of the ester. On the other hand, more than tu'ice as 
much (220 per cent) hy'drazone was c.vtracted by 10 cc. of benzene as by 
3 cc. From a consideration of the data in Table VII it is evident that the 
e.xtraction procedure can be made more specific for pyruvic acid by' using a 
small volume of an aromatic hy'drocarbon. 
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Sununary of Conditions Which Affect Dctcyrninalion of Keto Acids 

In the foregoing discussion it was sliown that tlie following factors 
markedly affect the specificity: (1) the period of incubation, (2) the choice 
of light filter, (3) the solvent, and (4) the volume of solvent used in the 
extraction. The effect of these conditions on the analysis of an cqui- 

TAni.E XII 


Snmtnary; Effect of Various Factors on Specificity of Extraction Method 




Analytical conditions 


1 

1 

1 



Lvo. 







Vyruvic 





Analy- 

sis 

No. 

Incu- 

bation 

lime 

Lisht 

filter 

No. 

Solvent 

! 

Vol- 
ume of 
solvent 

-f-rt-kelo- 

glutaric 

ncid 

stand- 

ard*! 

Urine 

(uncor* 

rected)! 

i 

Illoo<]t 1 

Pyru- 
vic -f 
o-lclo- 
Klutnric 
acid 
stand- 
ard 

1 

Urine , 

! 

i 

i 

Blood 


thin. 

1 


cc. \ 

me. per 

1 (fnt 

1 f^yrutic 

1 acid 

nf. f'cr 
cent 
f'yrutic 
acid 

cent 

tyruric 

acid 

1 

. 1 


1 

no 

1 420 

Ktlij'l .'lect.'ite 

8 

' 5.36 I 

6.18 

2.SS 

1.65 

1.47 

1.40 

o 

20 

I 420 

i 

i s 

, 6.18 

6.S0 

2.78 

1.01 

1.49 

1.36 

3 

5 

1 420 

1 it (( 

I 1 

1 s 

1 4.60 ; 

; 4.91 

2.02 

1.58 

1.48 

1.32 

3 

5 

; 520 

< t (< 

8 

• 3.78 

•1.31 

2.67 

1.5S 

1.48 

1.32 

4 

5 

j 520 

1 Xylene 

S 

2.6S 

3.42 

2.80 

1..3S 

1.33 

1.31 

5 

5 

1 520 

; ‘‘ 

3 

2.41* : 

3.18 

2.78 

1 .38 

1..32 j 

1.33 

0 

5 

1 520 

i “ 

■ 3 

2.44 

3.26 

2.84 ! 




3 

5 

! 540 

1 Ethyl acetate 

' 8 

3.88 1 

4.29 

2.51 I 

I 



2 

20 

1 540 

^ (t 

8 

4.36* 1 

6.06 

2.67 j 


! 


1 

60 

; 540 


8 

, 4.38 

5.44 

2.70 

1 




* The stnndanl solution contained 2.21 int;. per rent of p^TUvic acid and an equiv- 
alent quantity, 3.09 mg. per cent, of a-kctoglutaric arid. 7'hr total keto acid content, 
expressed as pyrwu'e acid, should therefore be 4-4~ mg. per cent. 

t The bold-faced figures represent the results obtained by Procedures .-V and B, 
described in the text. 

X Lijoiisso ratios for pure pyruvic acid in this experiment were as follows: with 
ethyl acetate solvent, 1.31, 1.30, 1.31; with xylene solvent, 1.33, 1.32, 1.29. The 
Liio'.Liio ratios were, with ethyl acetate solvent, 1.-16, 1.46, 1.4G; with .xylene solvent, 
1.49, 1.48, 1.47. «-Kctoglutaric acid yielded the following ratios: with ethyl acetate 
solvent, L^■!o:Ll, 1 o, 1.99, 2.00, 1.95; Lno'-f^uo, 2.0S, 2.05. 

molecular mixture of keto acids, urine, and blood is shown in Table XII. 
In each of the six series of analyses representing a total of ten conditions, 
pyruvic acid standards were .simultaneously analyzed. In each case, 
the results were, calculated by referring to the appropriate standardization 
curve. It will be seen (Analy.ses 1, 2, and 3) that the reaction was almost 
complete within 20 minutes, and that the lowest results were obtained 
when the period of incubation was onlj' 5 minutes. The effect of the vari- 
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ous light filters on the results is shown by Analysis 3. The striking differ- 
ences observed with pure solutions of keto acids when a non-specific solvent 
such as ethyl acetate and a more specific solvent such as one of the aromatic 
hydrocarbons (see Table VII) was used is shomi by Analyses 3 and 4. 
The effect of the use of a small volume of a specific solvent (Table XI) 
is shown bj’ Analj'ses 4 and 5. 

As the conditions changed in Analyses 1 to 5, the determination became 
increasingly more specific for pj'ruvic acid. This was shown also by the 
ratios of which diminished proportionately. In addition to the 

2.21 mg. per cent of pyruvic acid in the equimolecular mixture of keto acids, 
10 per cent of the a-ketoglutaric acid was determined in Analj'sis 5; the 
Lm'Li'io ratio indicated the analysis of 11 per cent of the dicarboxylic acid 
(see foot-note, Table XII). Analysis 2 (with Filter 540) represented the 
least specific condition, and therefore in it the total keto acids should have 
been determined. Analysis of the mixed standard bj’ this procedure indi- 
cated a recovery of 97 per cent of a-ketoglutaric acid. 

Delermination of Individual Keto Acids by Extraction Procedures A and B 

By carrying out determinations by Procedures A and B, it is possible to 
calculate the approximate content of the various keto acids. The calcu- 
lation can be made directly from the L values, but it is simpler to express 
all results in terms of pjTuvic acid and to base the calculations on the latter. 
Since oxalacetic acid is slowly decomposed by the acid precipitants (yield- 
ing pyruvic acid) and since it is present in relatively small concentrations, 
if at all, in body fluids and tissues, its effect is not apparent under the usual 
conditions. It can, however, be determined vith considerable accuracy 
if the sample is precipitated (or diluted) vith cold acid precipitant and the 
analysis carried out with a minimum of delay. However, since the analy- 
sis is usually delayed, the sample for all practical purposes contains only 
two keU) acids, pyruvic and a-ketoglutaric. This greatly simplifies the 
calculations. 

Method 1 — Let Ai, Aj, and Aj represent the apparent keto acid content, 
determined by means of Procedure A, with Filters 540, 420, and 400, re- 
spectively. Let B represent the apparent keto acid content, determined 
by means of Procedure B. Finally, let p and g represent pjwu^ic and 
a-ketoglutaric acids, respectively. Ai, Ai, As, B, p, and g are all expressed 
in terms of mg. per cent of pyruvic acid. On the basis of the results given 
in Tables XII and XIIP'’ 

Equations 1 to 4 will differ somewhat in each laboratory, owing to slight differ- 
ences o{ technique, of light filters, and of composition of solvents. These equations 
are given here to illustrate the method of calculation. 
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(1) n = ■p + 0.10(7 

(2) idi - 7) + 0.9.')/7 

(.3) .'1; = 7) + 2.0G/l.-lf> (O.OS(/) 

(4) /I, = 7) + 2.21/1.10 (0.0S{7) 

By subtracting Equation 1 from Equation 2, (j = (.4i — B)/Q.8o. Since 
a-kctoglutaric acid = 146(7/88, 

(5) n-KctogliUnrin ncid = 1.0.5 (/1| — fi) 


TAni.r. XIII 

Separate Determination of Keto Aeids in Mixtures by Specific Extraction Procedures 

A and P 

Pyruvic acid, Laa'.Lnn 1.49, Ltao-Liio 1.10; a-kctoghitaric acid, Lr.o'.Liia 2.11, 

DidoiLuo 2 . 21 . 

The results arc expressed in mg. per cent. 


Solution 

“Pyruvic acid,'* based on 
standardization of each pro* 
cedure against pure pyruvic 
acid 

■ 

Method 1 

Method 2* 

Molecular 
ratio of nyru- 
vie to a-Veto- 
glutaric acid 

Pyru* 

vie 

acid 

a*Kclo- 

gUi* 

taric 

acid 

Procedure A 

Proced- 
ure B 

P>Tuvic 
acid by 
Equa* 
lion 6 

a-KctO- 
glutaric 
acid by 
Equa- 
tion 5 

Pyruvic 
acid by 
Equa- 
tion 11 

o-Keto- 
glutaric 
acid by 
Equa- 
tion 12 

Filter 
StO, y1i 

Filter 
420, At 


Filter 
520, B 

100:0 

2.940 

0 

2.94 

2.94 

2.94 

2.94 

1.49 

2.94 

0 



83.3:16.7 

2.45 

0.82 

2.95 

3.12 

3.34 

2.48 

1.57 

2.42 

0.93 

2.57 

0.66 

66.7:33.3 

1.96 

1.63 

2.90 

3.29 

3.80 

2.03 

1.69 

1.92 

1.72 

1.90 

1.63 

33.3:66.7 

0.98 

3.20 

2.86 


4.67 

1.21 

1.93 

1.00 

3.26 

0.83 

3.53 

0:100 

0 

4.88 

2.82 

3.97 

5.48 

0.33 

2.11 

0 

4.93 




* The equations were modified by substituting the ratios which were obtained 
in this experiment. 


If the value for g is substituted in Equation 1 and it is solved for p 

} 

(6) Pyruvic acid = \AB — O.lili 

By combining Equations 2 and 3, solving for g, and then multiplying 
by 146/88, 

(7) a-Ketoglutaric acid = 3.85 (As — Ai) 

From Equations 2 and 3, 

(8) Pyruvic acid = 3.2Ai — 2.2A. 

Similarly, by combining Equations 2 and 4 and solving for g and p, 

(9) 

( 10 ) 


«-Ketoglutaric acid = 1.9 (Aj — AO 
Pyruvic acid = 2.1 Ai - l.lAj 
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Method 2 — ^This method requires onlj’- one determination. If the deter- 
mination is carried out according to Procedure A, then the a-ketoglutaric 
acid fraction of A i is 

A 1 , as before, is the total apparent keto acid content, expressed as mg. per- 
cent of pyruvic acid. X, p, and g, with the subscript Li 2 a-Liun are the 
ratios of the optical densities jdelded respective^’- by the unknown, by 
pyruvic acid, and by a-ketoglutaric acid. In all experiments except those 
shown in Table XIII, theaverage values were 1.46, Pi.jo: 2.06. 

Then 

(11) Pyruvic acid = yli 

\ 0.60 ) 

According to Equation 2, only 95 per cent of a-ketoglutaric acid, expressed 
as mg. per cent of pyruvic acid, is determined. Therefore, 

(12) a-Ketoglutaric acid = 2.9Ai (Xi,,,j:i, 5 ,„ — 1.46) 

If the determination is carried out bj' Procedure B, the a-ketoglutaric acid 
fraction of B is 


5 

The average ratios obtained with 3 cc. of xylene solvent were 
1-33, Pi, 1.74. Therefore, 


(13) 


Pyruvic acid = B 




Direct Method; Total Hydrazones 

This procedure is more specific than may be inferred from a perusal of 
the effect of the substances listed above under this method. Fortunate^’, 
blood and urine contain few of these compounds. The effect of slowly 
reacting substances, which probably are dicarboxylic keto acids, is mini- 
mized by reducing the period of incubation to 5 minutes. The use of 
Filter 520, as we have shown, also increases the specificity (see Table XII 
and Fig. 2). MTien applied to blood and urine (Table VI), this procedure 
always gave higher results than the e.xtraction method. However, in the 
case of blood, the difference was relativeb’ small and quite constant. 
Thus, in the analysis of 67 samples of blood from forty noi-mal subjects 
the di^erence between the direct and the extraction methods, expressed as my. 
per cent of pyruvic acid, varied from 0.12 to 0.69, with an average difference 
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of 0.1)1 • The pyruvic acid content, as determined by the extraction method, 
varied from 0./f4 to 5.60 mg. per cent. Since the difference is small com- 

TAinx XIV 

Color-Producing Ilydraroncs of Blood After Ingestion of Dextrose 


The results nrc expressed in mg. per cent. 




Mr. II. 



Mrs. R. 


After 

ingestion of 
sugar 









Sugar 

Total hy- 
drazones 

Pyruvic 

acid 

Other hy- 
drazones 
(by differ- 
ence) 

Sugar 

Total by 
drazones 

Pyruvic 

acid 

Other by- 
drazones 
(by differ- 
ence) 

hrs. 








■1 

Fasting 

143 

1.60 

0.90 


90 

1.39 

0.87 

mSm 

0.6 

224 

1.6-1 



123 

1.37 

0.94 

Ira 

1 

302 

2.19 

1.67 


160 

1.67 

1.30 

111 

2 

289 

2.42 

1.78 

O.C-l 

123 

1.89 

1.40 

ira 

3 

223 

1.99 

1.33 

o.cc 

74 

1.76 

1.29 

111 

4 





80 

1.48 

1.14 


6 





92 

1.60 

1.10 

0.40 


Table XV 

Color-Producing Hydrazoncs of Blood after Severe Muscular Exertion 


The results arc expressed in mg. per cent. 


Subject 

Exercise 

tactic acid 

Pyruvic 

acid* 

Total 

hydrarones 

Other hy- 
drazones 
(by differ- 
ence) 

Lactic acid 

Pyruvic acid 

A 

Resting 


0.79 

■SI 



(( 

It 


0.69 




It 

7 to 8 min, after 

186 

A. 72 


0.44 

39.4 

It 

y g It <1 

198 

4.63 


0.41 

42.8 

B 

Resting 


0.91 

1.38 

0.47 


11 

7 to 8 min. after 

162 

4.25 

4.62 

0.37 

38.1 


y (4 g It It 

154 

4.21 

4.38 

0.17 

36.6 

C 

Resting 


0.69 

1.16 

0.47 


It 



0.68 

0.93 

0.25 



7 to 8 min. after 

138 

5.14 

6.79 

0.65 

26.8 

It 

y a g II II 

125 

4.63 

6.04 

0.41 

27.0 

D 

Resting 


0.74 

1.28 

0.54 


It 

It 


0.70 

1.05 

0.35 


It 

7 to 8 min. after 

85 

3.55 

4.14 

0.59 

24.0 

11 

y g It n 

74 

2.96 

3.64 

0.68 

25.0 


♦ Ethyl acetate solvent, Filter 520. 


pared with the pyruvic acid content, the direct method can be used in the 
clinical laboratory as a rapid, approximate test. 

The constancy of this difference under severe conditions is illustrated by 
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the results given in Tables XIV and XV. It has been shown that the 
pyruvic acid content of the blood is greatly increased following the ingestion 
of sugar (28). It is increased to an even greater extent by severe muscu- 
lar exertion (29-31). The conditions under which the pyruvic acid was 
produced and the effect on the subject differed greatly in our experiments. 
Despite these unusual conditions, the differences between the results 
obtained by means of the direct and e.xtraction methods were no greater 
than those obtained from normal resting subjects. Furthermore, on the 
assumption that the changes in the blood represent, qualitatively at least, 
the changes occurring in the tissues, it may be concluded that demonstrable 
quantities of aldehydes, methylglyoxai, and free trioses (which readily 
affect the determination) are not produced under conditions leading to the 
production of large quantities of pyruvic acid in the normal intact subject. 

We wish to expre.ss our appreciation to Dr. E. S. G. Barron and Dr. E. A. 
Evans, Jr., of the Univeisity of Chicago for the liberal donations of oxal- 
acetic and a-ketoglutaric acids, and to Dr. R. H. Baker of Xorthw’estem 
University for the preparation of several of the nitrophenylliydrazines, 
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PROTEIN SULFHYDRYL GROUPS AND THE RE^^RSIBLE 
INACTWATION OF THE ENZYIME UREASE* 

THE REDUCING GROUPS OF EGG ALBUMIN AND OF UREASE 

Bt LESLIE HELLERMAN, FRANCIS P. CHINARD.t and VICTOR R. DEITZ 

{From the Department of Physiological Chemistry, the Johns Hopkins University, 
School of Medicine, Baltimore) 

(Received for publication, November 3, 1942) 

In aa addendum to a review article dealing with the r61e of reversible 
chemical processes in the control of acthdty of certain enzymes (1), we 
presented preliminary evidence pointing to some interesting variations in 
the reactivity of the reducing groups of urease. A closer studj"^ promised 
to reveal information concerning the relationship between the substituent 
sulfhydrj'l groups of certain enzymes and the mechanism of their activation 
and inactivation. The problem appeared also to bear upon apparent 
anomalies in the chemistry of certain proteins that have been assumed to 
contain substituent thiol groupings. 

The strildng differences in the physical and chemical properties of hen’s 
egg albumin (average molecular weight, approximately 45,000) and 
crj'stallized urease (particle weight, '483,000) include certain peculiari- 
ties in the behavior of these two proteins toward sulfhydryl-detecting 
reagents. Solutions of native, recrj'stallized egg albumin do not respond 
to certain tests for sulfhydryl groups and are notably inert toward por- 
phyrindin; after denaturation of the albumin with guanidine hydrochloride 
(2), the thiol groups are readily titratable with porphjTmdin or ferri- 
cyanide (3). Urease, on the other hand, appears to contain substituent 
sulfhydryl groups which continue to respond to the nitroprusside test 
after repeated recrystallization of this protein-enz.^me (4). The reactive 
sulfhydrj'l groups so detectable were reported bj' us (1) to be titratable 
with porphyrindin withoul loss in the enzymatic activity; however, a treat- 
ment of the urease with guanidine hydrochloride was accompanied bj' enzy- 
matic inacth'ation and the appearance of several times the quantity of 
chemically reactive reducing groups origmally titratable. The elucidation 
of these effects has been assisted by quantitative studies now to be de- 
scribed. 

Urease with Standard p-Chloromercuribenzoate — Mercaptide-forming re- 

* This investigation was supported in part by an allotment under the Rocke- 
feller Foundation Fluid Research Fund. An abbreviated version was presented before 
the American Society of Biological Chemists at Chicago, April, 1941. 

t Henry Strong Denison Scholar for 1940-41 . 

443 



4-14 


nKVERSinLK INACTIVATION’ OF UHEASE 


agents, s\ich as phenylinorcvivic hydroxide and its derivatives, have been of 
exceptional service in this laboratory' (5) in the study of certain of the sulf- 
hydryl enzymes,' namely urease, succinic dehydrogenase," an enzyme of 
papaya (G), and one or more catalysts in the glycolytic mechanism (7), 
including possibly triosc phosphate dchj'drogcnase (8). For quantitative 
studies, p-chloromercuribcnzoic acid, Cl — I lg — Celh — COOII, is available 
as a standard reagent. When solutions of urease, sufTicicntly concentrated 
and purified, arc treated with this reagent {c.g., ns the 0.001 M sodium salt) 
and the effect upon the urcolydic activity ascertained, there are disclosed 
significant facts bearing upon the protein thiol groups in relation to re- 
versible enzymatic inactivation. The procedure is detailed in the experi- 
mental part; it amounts to a series of di.scontinuous titrations of the buffered 
enzyme, with activity as the “end-point.” Under the test conditions, the 
activity is directly proportional to the concentration of the enzyme. 

For facility of comparison, the measures of unit age employed by Sumner 
(9-11) are used. 1 gm. of urease is taken as (aiuivalcnt to 130,000 units. 
Urease has been rcciystallizcd to an activity not exceeding approximately 
133,000 units per gm. (10). Elcmcntaiy analyses have been made upon 
this material, which, however, is not nece.ssarily a completely “pure” 
protein (11). Urease i)osse.ssing an activity of 100,000 units per gm. may 
bo crystallized (9), and such material, or enzyme of somewhat lower purity, 
was found suitable for all of the i)urpo.scs of this invc.s-tigation except, 
perhaps, the determination of the total sulfliydr^d content of the guanidine 
hydrochloride-denatured enzyme. It was found inadvisable here to at- 
tempt the laborious and somewhat uncertain (11) prcp.aration of large 
quantities of purer material with the source mat erial at j^resent available.’ 

Tire inactivation curves based upon the use of 0.001 m p-chloromercuri- 
benzoate are illustrated by Fig. 1. Tlie data refer to Preparations A, B, 
and C of Table I. In general confirmation of the earlier results (1), it is 
seen that a definite amount of the mercurj' reagent must be added before 
inactivation begins. The inactivation is complete only after a second 
stoichiometrically comparable portion of p-chloromcrcuribcnzoate has been 
used. Fi'om a number of determinations of this kind with independent, 
potent preparations of urease (Table I), it ai)i)ears that 2 moles of p- 

‘ The term refers to tho.se protein-enzymes the activity of whicli may bo modified, 
often reversibly, through certain chemical actions upon their substituent sulfhydryl 
groups. Their characterization from this point of view necessarily involves a variety 
of collateral evidence (1, 5); however, for reasons which appear in this paper and in 
the references cited, we consider the application of organomctallic compounds of 
the type, R — Hg — X , to have been especially and almost imiq\inly valuable in such 
a characterization. 

* Fold, II. A., .and Hellcrman, L., unpublished work. 

’ We arc grateful to Dr. David B. Sabine, The Arlington Chemical Company, 
for helpful cooperation in the procurement of suitable jack bean meal. 
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cbloromercuribenzoate would be required for tbe inactivation of some 

21.000 to 22,000 gm. of urease, on the basis of the equivalence of 1 gm. to 

130.000 units. From these observations it might be considered that, for 
this amount of the enzjnne, the first residue weight of protein sulfhydryl 
to combine is not to be correlated directly with the enzjunatic function, 
only the second apparently being so concerned. Observations with other 
reagents later to be described permit an extension of this interpretation. 
For convenience, the two categories of sulfhydrjd groups may be designated 
respective^ as the a and h groups. The addition of the second equiv- 


Tabce I 

Urease Preparations, Gm. of Urease Equivalent to S Moles of p-Chloromercuribenzoate 

t“Ug") 


Prepa ratios 

UaitJ per gm. 
protein 

tJoJts per tal. 

0.001 W, 

0 4* 6 groups* 

Ureaset 2 
moJes **Hg” 




ml. 

gm. 

A 

99,200 

2670 

1.92 

21,300 




1.80 

22,800 

B 

105,000 

1900 

1.40 

20,900 




1.30 

22,400 

C 

89,200 

2810 

2.10 

20,600 

D 

86,900 

2U0 

1.70 

18,400 

E 

84,000 

2740 

2.00 

21,000 

F 

82,000 

2810 

2.00 

21,500 

G 

75,300 

2470 

2.20 

17,200 

H 

70,700 

2050 

2.00 

15,800 

I 

65,000 

2640 

2.00 

20,000 

J 

55,000 

1950 

1.90 

15,800 

K 

32,000 

710 

1.02 

10,800 


* The quantity of "Hg” solution required for the inactivation of the urease in 
I ml. of preparation of the unitage and purity given respectively in the third and 
second columns; see the text and the experimental section. 

. _ 2 X 10’ X (units per ml.) 

' “ (ml. 0.001 M "Hg”) X (130,000)' 

alent of p-chloromereuribenzoate is accompanied by certain ph 3 'sical 
changes in the reaction mbetures that will require studs' bj’ ultracen- 
trifugal and other methods. It is to be emphasized that the phenomena 
here described are obsert'ed in most clear cut fashion with concentrated 
solutions of sufScientlj' pm-ified enzjTne as shown in Table I; with such 
preparations (Preparations A to F), the “equivalent weight” approaches* 

* It vrill be interesting to ascertain the equivalent weight with urease of ma.ximum 
purits'. However, the trend in Table I suggests that in concentrated solutions of 
highly purified urease (c.p.. Preparations A. and B) the small amount of e.xtraneous 
protein (denatured, oxidized urease?) has not interfered seriously in the quantita- 
tive processes used. 



ACTIVITY, units/ml. 
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21,000 to 22,000. However, the data with even relatively crude material 
are found to reflect the two-Ktcji character of the inactivation, ns well as 
the apparent stoichiometric equivalence of the a and b categories. Some- 
what low equivalent weights are obtained, but, nevertheless, the back 
titration curves with standard cysteine* solutions are found to depict the 
usual reversal of inactivation (Preparation K, Table I; Fig. 2). 

Urease Rcchtctng Groups — The relationship of the a and b sulfliydrj-l 
groups is confirmed by various experiments, presently to be described. 


A ML. C YS TE INC, 0.001 M. 



Fig. 1. Inactivation curves. Sec the text, especially “Inactivation of urease 
with standard p-chloromcrcuribcnzoatc” under the experimental section. O, •> 
and A refer to data for Preparations A, B, and C respeetivoly (Table I). “Hg" 
denotes sodium p-chloromercuribenzoate solution. 

Fig. 2. Inactivation and reactivation of an impure prcp.aration. Preparation K, 
Table I; sec the text, especially “Reactivation with cysteine.” O denotes inactiva- 
tion; A, back titration with cj’stcinc. 


with iodoacetamide, porphjTindin, and iodoso compounds. If elementaiy 
analyses (10) upon highly purified urease are taken to represent the figures 
for the pure enzyme, then it is calculated rcadilj’' that a total of 8 gm. atoms 

® These data afford presumptive evidence that the cysteine-(S)-morcury compound 
is even less dissociated than the corresponding protein raercaptide. It is a matter 
of great interest that cysteine not only restores, but, in addition, frequently enhances 
the activity of highly purified preparations (about 10 per cent). The full discussion 
of tliis phenomenon must await consideration of the r61e of the substituent sulf- 
hydryl groups of certain enzymes in the actual catalytic processes concerned. 
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of sulfur would be present in 21,300 gm., a figure close to 21,000 to 22,000. 
If, in addition, it may be assumed that our results from o-iodosobenzoate 
titrations® of urease denatured by guanidine hj’drochloride reflect the total 
sulfhydryl content of the urease molecule, we would have the following 
relationship. Of the 8 gm. atoms, 5 would represent the total sulfhydryl 
sulfur in which are included the 2 residue weights comprising the a and b 
categories. The number 5 for total sulfhj'dryl in denatured urease is of 
somewhat uncertain significance, but the recurrence of this value in the 
o-iodosobenzoate titration of different samples of somewhat impure urease, 
and the finding by porphyrindin estimations of 4 to 5 reducing equivalents 
in such samples suggested that we have at least an upper limit for the 
total sulfhj'diyl content, which appears thus to exceed by a considerable 
margin the 2 atoms of sulfhydryl sulfur detected in the combining unit^ 
by p-chloromercuribenzoate. 

Quanlilative Sttidies with Other Reagents — Urease of the potency and 
purity used in these studies® is not inactivated after being treated with 3 
to 10 equivalents of dilute porphyrindin per minimum combining unit 
(21,300 gm.). However, the dye evidently has reacted with the a group- 
ings, for the enzj'me is inactivated quantitatively by the subsequent addi- 
tion of 1 molecular equivalent of p-chloromercuribenzoate, instead of the 2 
required when the mercurj' reagent is used alone. The activity is re- 
covered as usual when cysteine is added subsequently. Similar results 
are obtained when buffered urease is treated with an equivalent of o-iodoso- 
benzoate. However, if the urease is treated with an excess of concen- 
trated iodoso reagent, the latter appears to attack the b groupings also: 
an inactivation that is only partially reversible occurs. Comparable 
results are obtained with iodoacetamide, the interaction of which under 
suitable conditions with protein sulfhydryl groups appears to be one of 
alkylation in the sense, R— SH + I—CHa— COCNHj) R— S— CH^— 
C0(NH2) -t- H+ -f I“. Sufficiently dilute iodoacetamide may attack 
onljf the a groups, as indicated again by estimation of the amount of 
p-chloromercuribenzoate required for reversible inactivation after' the 
action of iodoacetamide has been permitted to take place. With more 
concentrated iodoacetamide (0.05 m), the urease is inactivated directly and 

‘ Sec ‘ ‘Experimental . ' ' 

’ On the basis of diffusion rate experiments (12) Hand finds that units of urease 
with particle weight as low as 17,000 may possess urcolytic acti^ty. This result 
cannot now be interpreted in relation to our work; the minimum combining weight 
evaluated in our experiments is close to 21,000 gm. 

* Certain samples of impure urease were found (1) to be inactivated partially 
by relatively large amounts of porphj'rindin. However, it appears from the present 
work that urease of an activity of 100,000 units (0-11) per gra. is rather resistant to 
inactivation when treated with even a large excess of this oxidising agent. 
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irreversibly, us described in the expcrimeidul ptirt und in uccordancc with 
the dbservations of Sinythe (13). Tlie.se results strikingly illustrate the 
utility of 7 )-chloromcreuribcn?’.oale as a flingnostie reagent in connection 
with the urease sulfliydiyl groups, and they afford intere, sting support, for 
the difl'erentiat ion of the a and h categories. 

Additional observations with various reagents are detailed in the experi- 
mental part. 


DISCUSSION 

This study has presented direct evidence in general support of the cor- 
relation of the control of activity of certain enzymes through reversible 
chemical processes and the role of specific protein sulfhydiyl groupings. 
The approach h.as been more quantitative than has hitherto been possible. 
The work has involved a critical examination of the cfi'ect of various 
reagents upon urease, which, thanks to the cfTorts of Sumner and his stu- 
dents, is the sulfhydryl protein-enzyme at iiresent most readily available 
in a purified state. A careful choice had to be made of reagents suited 
to the .stud.v; these have included (1) org-.inic mereaptide-forming salts, 
(2) oxidizing agents, in particular porphyrexides, a poiphyrindin, and 
0 - and p-iodosobenzoates, and (3) an alkylating reagent, iodoacetamide. 
The results bear upon the factors controlling the reactivity of certain 
protein groupings. 

For example, the apparent differences in chemical reactivity among the 
urease sulfhydryl groups sugge.st functional tlifl'crcnces. It has seemed 
not implausible that the a categoiy of groujiings most readily attacked 
by dilute, solutions of porphyrindin, o-iodosobenzoate, and iodoacetamide 
may be substituted close to the “surface” of the protein molecule, being 
thus readily available to the action of these reagents; the h categor}', which 
would seem to be concerned more directly with control of cnzj’me activity 
(and possibly also with the mechanism of the catalysis), is protected to an 
important degree from the action oven of powerful oxidizing agents. Re- 
versible enzymatic inactivation is secured only after 2 residue weights of 
— SH for approximately 21,300 gm. of protein have interacted with p- 
chloromercuribenzoate, under proper conditions, or with certain oxidizing 
or alkylating reagents followed by 1 equivalent of the mercuribcnzoatc. 
Beyond the first 2 — SH residue weights are the additional potcntiall}' 
reducing groups, revealed by assays for total sulfliydiyl in denatured urease. 
The observation of these relations depends upon a careful control of experi- 
mental conditions, as detailed in the experimental part. Such differences 
in thiol reactivity are remindful of the variations in the properties of the 
pepsin protein amino groups, so clearlj’^ demonstrated bj' Northrop and 
his collaborators (14). 
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A certain unpredictability in the behavior of sulfhj'diyl enzymes toward 
various reagents has introduced confusion in several aspects of the subject. 
For ecample, the seeming inertness (on the basis of activity measurements 
as sole criterion) of highly purified urease toward diluted porph 5 Tindin, 
iodoacetamide, and ferricyanide ion is highly contradictor^" to other ety- 
dence if consideration of the quantitative and structural matters discussed 
in this paper is neglected. Such difficulties as those considered bj" Berg- 
mann and his collaborators (15) in connection with the applicability of the 
sulfhydr}'! theory to the activation of enzymatic constituents of crude 
papain which promote the hydrolysis of certain sjmthetic substrates (c.g., 
benzoyl-l-argininamide) may not be particularty apposite to the present 
discussion. It maj’ be recalled that the papain constituent that has been 
crystallized (16) by Balls and Lineweaver and named by them crystalline 
papain has been found to function as catalyst in the hydrolysis of hemo- 
globin apparently quite without benefit of any e.vtemal activator or co- 
enzyme, and indeed to remain partially active in the presence of por- 
phyrindin, a reagent known to oxidize cysteine and HS — glutathione. 
That crystallized papain is rather resistant to the action of porphyrindin 
(which conceivably might be held immobilized upon the protein surface) 
and nevertheless appears to be inactivated by 1 molecular equivalent of 
iodoacetate ion (17) may reflect merely the relative structural availability 
(1) of that sulfhydryl grouping, which in papain has been correlated with 
inactivation, toward these two reagents under the conditions used. 

In crystallized albumin of hen’s eggs, the sulfhydrjd groups appear to 
be even less reactive or available. However, the results from Anson’s 
extensive experimentation (3) give warning that we maj" be dealing here 
merely with marked differences in degree. Anson has shown that certain 
reagents {e.g., iodine with potassium iodide at pH 7) can o.xidize sulfhj^diyi 
groups of native egg albumin seemingly without denaturation. It may 
be pointed out, in this connection, that with iodine (plus iodide ion), or 
with oxygen m the presence of a trace of cupric ion, it has been found 
possible to secure inactivations of urease and of papain (5) that have been 
more or less reversible. Moreover, in the present in'v^estigation, with 
o-iodosobenzoate there again have been obsen'ed inactivations of urease 
that usually were partially reversible and occasionally were extensively so. 
There is little question, how’ever, that significant differences e.xist in the 
behavior of the thiol groups of urease and of egg albumin. For present 
purposes it may be concluded that these egg albumins contain no 
reactive, surface-substituted thiol groups comparable with the urease a 
groups. However, the destruction of the integrity of the surface of either 
protein, by the action of concentrated guanidine hydrochloride or by 
other appropriate means, makes readily available to the action of most 
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reagents that interact with cysteine sulfliydryl tliosc reducing groups 
which, in tlic intact molecule, arc “iiroicctcd” to a greater or less degree. 


KXPKRIMKNTAIi 

Quantilaiivc Sludicn of Purified Urease with p-Chloromerciiribenzoatc 

Preparation of Urease — The methods of crystallization used were those 
of Sumner and his collaborators (9-11), or modifications of these. Largo 
quantities of the enzyme were required, for the isolation of which the qual- 
ity of jack bean meal available on the market was not always suitable. 
The purification of sufficient urease constituted a troublesome problem, 
involving often repeated rccry.stallizations, with routine assays of ureohdic 
activity and micro-Kjeldahl determinations of jirotcin and non-iirotein 
nitrogen upon the fractions. In one of the more favorable iireparations, 
800 gm. of jack bean meal, the activity of which had been found to he 
200,000 units per kilo, were divided into 200 gm. jiortions, and each ])oi1ion 
in succession was extracted at room temperature (22°) for lO minutes, with 
the aid of constant, gentle stirring, in I liter of .31.5 per cent acetone 
(analytical reagent; found b}’ test to be aldehyde-free). The mixture 
was filtered with suction on a single thickness of filter paper (Whatman, 
No. 41) in a Buchner funnel until the re.sidue was iiractically dry, no air 
being drawn through during the jirocess. The volume of filtrate from each 
200 gm. portion (approximately 800 ml.) was made up to 950 ml. by the 
addition of pure acetone. The re.sulting cloudy solution was allowed to 
stand overnight at 0°, after which it was centrifuged in the cold room. 
The supernatant liquid had an activity of less than 1 unit per ml. and was 
discarded. The precipitates were jiooled, and treated with 10 ml. of 
redistilled water. After being stirred, this mixture was centrifuged, leaving 
7 ml. of supernatant having an activity of 200 units per ml. The residue 
was treated with 20 ml. of water, allowed to stand for some hours, during 
which the mi.xture was stirred oceasionally, and then centrifuged. Tliere 
were obtained 39 ml. of supernatant liquid of ureolytic activity, 1000 units 
per ml. For crystallization, there were added to the supernatant 5 ml. 
of phosphate buffer (Buffer A, 53.05 ml. of m NaOH and 125.0 ml. of m 
KH 2PO4, made to 250 ml. with redistilled water; at pH 7 when diluted 
1:10), in order to have buffered enzj'me solution of pH 7, and then 22 ml. 
of pure acetone. After this mixture stood overnight at 0°, it was centri- 
fuged and the solid extracted with water, giving 21.5 ml. of urease solution, 
activity 1460 units per ml. A further reprecipitation and re-solution of 
the solid in water yielded 5 ml. of solution having activity of 2470 units 
per ml. and per gm. of protein 75,300 units, with negligible non-protein 
nitrogen. Any urease-rich residues from the above operations were treated 
further in similar fashion. A final reciystallization of material of purity 
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of 72,000 to 75,000 units per gm. of protein was effected by the addition to 
the concentrated, chilled urease solution of enough pure acetoneto make 
the solution 31 per cent with respect to acetone, followed bj^ the dropwise 
addition of ehUled, concentrated phosphate buffer (pH 7) until there was 
a faint, permanent turbiditj", after which the solution remained at 0° 
for 15 hours. The crj'stals that had formed were collected at the centrifuge 
and dissolved in water to give a product having an activity of 1900 units 
per ml. and 105,000 units per gm. of protein. 

In this run, there were recovered from 160,000 units in the jack bean 
taken 94,000 units, accounted for as highly purified urease, as concentrated 
urease solutions of lesser purity, and as dilute solutions. Some of the 
runs were less successful, and some commercial offerings of jack bean flour 
were such that numerous laborious reprecipitations and recrj'stallizations 
were required for the production of very small amounts of good urease. 
The pH number of our filtrates from the initial jack bean extractions was 
close to 7; in recrystallizations, we buffered the solutions to pH 7, at which 
there appeared to be less denaturation and inactivation than in more acid 
regions. Purified urease solutions remained at 1-5° for several weeks 
without diminution in the activity. 

Estimation of Activity — ^Ureolidic activity was determined in reaction 
mixtures of pH 7 at 20.0°, as described bj' Sumner (9-11). The ammonia 
formed by hydrolysis of urea was estimated by means of aeration for 30 
minutes into 0.02 n hydrochloric acid, the excess acid being titrated in 
COj-free air with chlor-phenol red as indicator. 

Standard Sodium p-Chloromercuribenzoate Solution — p-Chloromercuri- 
benzoic acid. Cl — ^Hg — CsHi — COOH, was prepared by means of the 
oxidation of p-tolyhnercuric chloride with alkaline potassium permanganate 
(18). The well washed product was dried and anal 3 'zed (calculated for 
C 7 H 502 ClHg, Hg 56.2; found, Hg 56.0, 56.4 per cent). For the prepara- 
tion of standard solutions of the sodium salt, an exactly weighed portion 
of the powdered acid was dissolved in a slight excess of n XaOH followed 
by dilution to volume. The calculated molaritj’ of solutions so prepared 
agreed satisfactorilj’’ with the results of iodometric determinations based 
upon the reaction represented bj' Cl — ^Hg — CeHi — COO~ I 2 -b 31“ — > 

I— CcH,— COO- + Hgi - + a- 

Inaciivation of Urease until Standard p-Chloromercuribenzoate — Urease 
solution (0.100 or 0.200 ml.) was introduced into a dry flask. To this 
was added phosphate buffer of pH 7 (Buffer A, 1 : 10, preparation of urease), 
usuallj' 2.00 ml., followed bj' an exactlj' measured quantitj' of 0.001 
p-chloromercuribenzoate. The homogeneous mixture was allowed to 
stand at 20.0° for at least 10 minutes, after which the determination of 
ureoljdic activitj- was carried out with the use of the usual urea-phosphate 
reaction mixture. 
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In the ease of each independent prejiaration of inirificd urease, a suffi- 
cient number of such determinations, with appropriate variation in tfie 
amount of p-chloromcrcurihenzoatc added, was accomplislicd to secure a 
quantitative delineation of the inactivation relationship (c/. Fig. 1). The 
results are calculated to and expressed in terms of units of urease activity 
found jicr ml. of urease taken. Such data arc given in Table II for Prepa- 

Taiii.k II 

Inaclivaiion of Urease teilh Standard Sodium ji-CMoromcrcuribcnzoalc* 
Propnration A, crystalline urease, 09,200 iinil.s per gm. of protein (micro-Kjcl- 
clalil; N in urease taken as IG.O per cent (10).) The units per ml. f were 2070. In 
each determination 0.100 ml. of urease and 2.00 ml. of lUifTer .\ (1:10) were used; 
see the text. 

j 0.001 it y^-chlofomcfcuribcnroalc added to O.tOO ml, urease in each 
{ determination 

I 0.000 O.OSO I 0.100 I 0.120 O.IJO I O.UO 0.200 0.300 

I ml. ml. I ml. | ml. ml. ml. ml. ml. 

units I units I unifi | units | units units units units 

Activit.v per ml. urease. 2G70 | 2G90 | 2^-10 j 2010 j 12S0 GIO GO 20 

* .'Vs illustrated in Fig. 1, the results may he plotted with units per ml. found as 
ordinate and ml. of 0.001 m p-chloromcrcuribenroatc per ml. of urease as abscissa. 
From such a plot of the above data, the "equivalent weight” of urease may be 
evaluated as follows; Urease, 1 gm. taken o 130,000 units. Then if in 2C70 units 
of urease, a ^ li groups = 0.9G ml. of 0.001 .m p-chloromercuribcnzoate, gm. of urease 
1 mole of the mercurihenzoate for each category would be 21,300; if n » 6 groups 
o 0.90 ml., gm. of urease = 1 mole would be 22,800; see also the calculation in Table 
I. Redeterminations of the "titration curve” gave consistent results. .'V third 
determination was conducted upon Preparation A 1 week later than the first two. 
The initial activities found were, respectively, 2670, 2G90, 2G90. 

t With solutions of crystalline or highly purified urease the stoichiometric rela- 
tions in the p-chloromercuribcnzoate determination arc not substantially altered 
when the urease concentration is changed. Thus, when 0.050 ml. of urease was 
substituted for 0.100 ml. in this scries of tests, the activity found per ml. of urc.asc 
was 2GS0 units, and there was determined a ^ b grmips <= 1.00 ml. of 0.001 m racrcuri- 
benzoate reagent. 

ration A. 'I'lie results with eleven dilTcrcnt i)rcparations of urease of 
varying purity and potency are summarized in Table I. 

Reactivation with Cysteine — Cj'steino hydrochloride, after being dried 
in a vacuum desiccator containing beakers of phosphorus pentoxide and 
flaked sodium hydroxide, usually is found to give slightly high values for 
sulfliydr}'! sulfur. For reactivation experiments, the dried salt may be 
made to approximately 0.002 m in air-freed water, and then analyzed bj' 
the iodoso method (19). Any addition of this solution to p-chloromercuri- 
benzoate-treated urease is accompanied by the addition of an equivalent 
amount of sodium carbonate. 
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The addition to bufifered, mercuribenzoate-inactivated urease solution 
of cj’steine, equivalent to or in excess of the amount of mercuribenzoate 
added after the addition of the initial, non-inactivating portion (= a) of 
the latter reagent, resulted in the restoration of the ureelji^ic activity. 
If the enzjTOe-mercurj- combination (e.g., for b groups) is designated as 
En — S — Hg — C bHa — COO“, the over-all process maj' be represented by 
the equation 

H 

En— S— Hg— CJI,— COO- -i- -OOC— C— CHf— SH 

i 

-l-HH, 

H 

En— SH + -OOC— C— CHf— S— Hg— C,Hr-COO- 

I 

-fNHi 

Any excess mercuribenzoate reagent in the reaction mixture would also 
combine with cj’steine to jdeld the last designated compound (mercaptide 
salt). Reactivation bj' the action of cj-steine upon urease inactivated with 
p-chloromercuribenzoate was secured without exception, complete restora- 
tion of actmtj’ being obsen’ed. Frequently the activity was slightlj’- 
greater than the initial. Even impure urease of sufficient potency could 
be titrated back, as shown in Fig. 2. For this determination, a series of 
buffered mixtures containing 0.100 ml. of Preparation K and 0.100 ml. 
of 0.001 M mercuribenzoate was treated with 0.001 m cysteine hj’dro- 
chloride in amounts varj'ing from 0.005 to 0.100 ml. Apparently the 
protein impurities in such material as Preparation K cause distortion in 
the stoichiometrj' involved in the urease-mercurj' relationship. 

Effect of Sodium o-Hydroxymercuribenzoate — o-Hydroxj'mercuribenzoic 
“anhj'dride” was prepared (20) by mercuration of benzoic acid with mercuric 
acetate. A solution of the sodium salt was de.sired in order that the action 
of the ortho-substituted compound upon urease might be compared with 
that of p-chloromercuribenzoate. A titration cur^-e was constructed upon 
Preparation E, with the use of the o-mercuribenzoate, and was found to 
be substantially the same as that given with p-chloiomercuribenzoate 
(Table I). Cj’steine reactivation also was demonstrated. The two 
mercurj' compounds display' no observable differences in their interaction 
wth the a and b sulfhydrj-l groups of the urease molecule. 

Quantitative Studies with Porpliyrindin, lodosobenzoates, lodoacrtamide, and 
Certain Other Reagents 

Porphyrindin — Because the sj'nthesis of porphyrindin (21, 22) is some- 
what troublesome (23) and its solutions are decidedlj' unstable, this reagent 
is often inferior in usefulness to iodine, ferricyanide, and especially o-iodoso- 
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benzoate (19). In our view, its almo.st unique value lies in its selective 
action with respect to certain categories of in-otein sulfliyclrj’l groups. 
There is no observable action with rccr3’.S'taUi7,c(l, native hen’s egg albumin, 
and any action ivith the .sulfhj’dryl of crystalline papain would appear to 
be slow and incomplete (IG, 17). On the other hand, in the case of purified 
urease, a portion of the sulfhydryl content (t he n groups) is highly sensitive, 
being substituted apparentlj' near or .at the jirotein surface; this fraction 
is oxidized rajiidly by porphyrindin, which, however, even in excess does not 
extensively attack the h groups with accompanying enzymatic inactivation. 

Treatment with Porphyrindin; Subsequent Titration with p-Chloromcrcuri- 
benzoate — Porphj’rindin may be kept for a long period as the solid sub- 
stance at 0-10° in a desiccator charged with calcium chloride. For the 

Table III 

Purified Urease with Porphyrindin 

Preparation A, urease, 0.100 nil.; Buffer A, pll 7. Porjiliyriiulin, 0.001 n; p- 
chloromcrcuribenzoate, 0.001 .m. 


Porphyrindin, tnl j 

0.00 

O.OSS 1 

0.176 

0.52S* i 

0.075 


1 0.075 

0.075 , 

0.075 

/»-Chloromcrcuribcnroatc 







1 



after porphyrindin, w/. • w 






0.090 

0.050 j 

0.070 

0.100 


unils 

units 

units 

units 

units 

units 

1 units 

1 units 

units 

Activity per ml. 




1 

1 

i 

\ 



urease 

2G70 

2070 

2430 

I 2330 

I 

2670 

20-10 

2250 

1330 

soot 


* The blue color of the porphyrindin persisted even after tlio termination of the 
digestion period in urea-phosphate. 

t Control, cysteine (0.001 m) 0.2 ml. after porphyrindin and p-cliloromcrcuri- 
benzoate, 25S0. 

following experiments, a solution was freshly prepared b}'' dissolving 0.020 
gm. in 100 ml. of ice water. Tlie blue solution was standardized imme- 
diatel}'' before and after each experiment b^’' titration against 0.001 -v 
ascorbic acid which had been assayed iodometrically. The .ascorbic acid 
was titrated into iodine formed bj"- the addition of standard iodate to 
excess sodium iodide and hydrochloric acid. 

To ure.ase-buffer mix-tures in a graded scries were added vaiying amounts 
of porphyrindin. As shown by the d.ata of Table III, the enzyme was 
not inactivated extensively even bj"- a large excess of this oxidizing agent. 
The addition of p-chloromercuribcnzo.ate to urease to which had been 
added porphyrindin equivalent to three-fourths of the a fraction is seen 
to ha^m produced close to tlie calculated effect . With cysteine there was 
obtained the usual reactivation. 

With various other preparations of highly purified urease, it was ob- 
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served® that marked inactivation was not obtained when there was added 
porphyrindin equivalent to the sum of the a and b groups, or in excess 
thereof, and the subsequent addition of p-chloromercuribenzoate in an 
amount equivalent onlj'^ to a (o b) did produce inactivation, reversible by 
the action of cysteine. 

Effect of an Analogue of Porphyrexide — This analogue possessing the 
structure 


H, H, O 

C— C N 

/ \ / '^C=NH 

H,C C 1 

\ / \ 

c— c c 

H, H, II 

NH 

had been synthesized in the course of work, as yet unpublished, by C. C. 
Porter and one of us (L. H.) in an effort both to test the generality of the 
Piloty synthesis and to make available compounds useful in certain studies 
of proteins. The substance is more stable than porphyrexide; its solutions 
are evaluated iodometrically. When buffered urease (Preparation A) was 
treated with this powerful oxidizing agent (Eo at pH’ 7 = 0.690) in 1 to 5 
equivalents with respect to the a fraction, the full initial enzymatic activity 
was retained. The subsequent addition of 1 equivalent of p-chloromercuri- 
benzoate resulted only in partial inactivation, but we have independent 
evidence that the porphyrexides may combine with certain heavy metal 
compounds. 

Effect of Sodium o-Iodosobemoale — The utility of this reagent in the 
estimation of substances of the cysteine type has been demonstrated (19). 
Its applicability in assays of certain protein sulfhydryl groupings will be 
treated presently, and it will be shown that those reactive protein groups 
that are detectable readily by means of nitroprusside or porphyrindin may 
be expected also to react rapidly at pH 7 with iodosobenzoate, undergoing 
oxidation to the dithio state. 

The behavior of potent, purified urease in the presence of dilute o-iodoso- 
benzoate was decidedly clear cut. Of Preparation A, 0.100 ml. was treated 
■with 2.00 ml. of Buffer A (pH 7) and 0.2 or 0.4 ml. of 0.001 n sodium o-iodo- 
sobenzoate solution. The mixture was allowed to stand at 37° for 2 hours, 
after which the ureolytic acti-vity was determined and found to be the 
same as the initial activity; namely, 2690 units per ml. of urease. The 
addition of only 0.100 ml. of p-chloromercuribenzoate solution to iodoso- 


’ Dr. Sidney Goren kindly conducted some of these experiments. 
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treated urease (with 0.2 or 0.4 ml. of iodoso reagent) resulted in the com- 
plete abolishment of the enzj^matic activity. 

It was concluded that under these conditions the effect of iodosoben- 
zoatc, even in excess, was to oxidize onlj" the a sulfhjTlrjd groups. A 
number of urease preparations were tested as described above. 

Effect of p-Iodosohcmoatc — Entirel 3 ’- similar results were obtained by 
treatment of this urease at pH 7 with standardized solutions prepared 
from p-iodosobenzoic acid (24). 

Inaclivaiion in More Concentrated Solutions — \^^lcn o-iodosohemoate was 
added to portions of Preparation A as well ns to several other preparations 
listed in Table I, the rcaetion inixtures being kept more coneentrated (total 
volume of urease, buffer, and iodosobenzoate of the order of 0.4 to 0.8 ml.), 
a partial inactivation of the urease was observed. The activitj' could be 
restored to some extent bj' the action of cj'steinc, but these reactivations 
were infrequentli’’ extensive. The results of rate studies, which need not 
be presented in detail here, suggested forciblj’^ that the irreversible action, 
under these conditions, of excess (5 to 10 equivalents) iodoso reagent may 
be a sloiD process requiring 5 to 12 hours for completion and coinciding with 
a denaturation of the urease protein. 

Effect of lodoacelamidc — This reagent was prepared in acetone solution 
by the interaction of chloroacetamide and sodium iodide. It was reerj's- 
tallized from water until pure (3). Dilute aqueous solutions of iodoacet- 
amide were found to be rather stable. No silver iodide was obtained when 
a solution was treated with silver nitrate and dilute nitric acid and boiled 
for -1 minute. Iodide ion was obtained, however, when the solution was 
treated brieflj’' with hot sodium hj'droxide. lodoacetamido was considered 
to be an especiall}’’ I'aluable reagent in the present in^vestigation, since it 
is known to allqvlate mercapto compounds rather rapidlj". Effects of the 
iodoacetate derivatives upon certain protein groupings other than — SH 
most probablj'' arc slower. 

Mixtures consisting of urease (Preparation A), 0.100 ml.. Buffer A 
(pH 7), 1.00 ml., and iodoacetamidc (0.001 m), 0.400 ml., were kept at 37° 
for 2 hours; activity, 2700 units per ml. of urease; initial activity, 2700. 
After the subsequent addition of 0.050 ml. of p-chloromercuribenzoate, the 
activity was 1500 units, and after 0.100 ml. it was GO. 

After treatment of 0.100 ml. of Preparation A (buffered at pH 7) with 
onty 0.100 ml. of iodoacetamidc (0.001 m) at S7° for 2 hours, the activity 
was found to be 2600 units per ml. of urease; the subsequent addition to 
such a mixture of 0.100 ml. of p-chloromercuribenzoate (0.001 ii) effected 
a reduction in the activity to 100 units per ml.; treatment of 0.100 ml. of 
urease with 0.050 ml. of the iodoacetamidc in the same wa 3 ’-, followed by 
the addition of 0.150 ml. of the mercur 3 ’' reagent, was found to have brought 
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the actmty to 100 units per ml. of urease. Complete restoration of the 
activity was accomplished with the use of cj'steine. When to 0.100 ml. 
of urease were added 0.100 ml. of iodoacetamide and immediately thereafter 
0.100 ml. of the mercurj- reagent, the activity remained at 2600 units. 

Entirely consistent data were obtained in similar experiments with 
Preparations E and I. 

It may be concluded, therefore, that under the conditions the a groups 
of urease of the purity cited are slowly and completelj’- acted upon in the 
presence of 1 equivalent of iodoacetamide, and that a 3-fold excess of the 
latter reagent does not noticeably attack the h groups. 

TlTien, however, the iodoacetamide in considerable excess is permitted to 
act in more concentrated solutions {e.g., 0.025 m), the effect is more drastic, 
enzymatic inactivation taking place increasinglj’- even at room temperature. 
The following is illustrative and typical. Of Preparation I (2650 units 
per ml.), 0.100 ml. was treated with 1 ml. of Buffer A and 0.200 ml. of 
0.001 M iodoacetamide. The mixture was allowed to stand 2 hours at 
37°, after which a test showed that the activity was unchanged; the addi- 
tion to such treated urease of 0.110 ml. of 0.001 m p-chloromercuribenzoate 
caused a decrease to 100 units per ml. However, in a similar test in which 
0.1 ml. of 10 per cent iodoacetamide w’as used, the activity after 1 hour 
at 30° was found to be 1280 units per ml. of urease. 

Under the latter conditions, the h groupings presumably were also 
attacked. 

Effect of Certain Other Reagents — ^Treatment of portions of purified 
urease, suitably buffered at pH 7, with cystine or with dithiodiglycolic 
acid, (HOOC — GHz — S — )r, resulted in no loss in activity. 

These results appear to be entirely consistent with the concept of dif- 
ferentiation in the activity and availability to the action of certain reagents 
of the a and h groupings. The o groups might have been oxidized to some 
extent. 

The action upon the a groups of ferricyanide ion a == b groups) 
under the usual conditions was found to be decidedly slow (p-chloro- 
mercuribenzoatc technique). In harmony with previous obsen'ations (5) 
with this ion, no inactivation was observed. 

Estimation of Reducing Groups of Denatured Urease and Egg Albumin; 

Applicability of o-Iodosobenzoate 

Guanidine Hydrochloride-Denatured Egg Albumin with Omdizing Reagents. 
Introduction — In recent papers Greenstein (2) and Anson (3) have 
considered in detail the subject of estimation of the reducing groups 
of denatured sulfhydrjd proteins. Greenstein has extensively treated 
the method which involves the titration of guanidine hydrochloride- 
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denatured protein with porphyrindin. Anson lias studied earefully 
methods concerned with the use of various denaturants, including 
certain useful detergents, and the applicabilitj'^ of fcrricjmnides and of 
iodine. Because porphyrindin is not a specific reagent and possesses some 
oxidative activity with respect to free and combined tyrosine, Barron ct al. 
(25) have cautioned concerning its use in testing for sulfltydryl groups in 
proteins. For the same reason its use as a titrimetric reagent with proteins 
has been criticized (26). However, Greenstein and Jenrette (2) have 
shown how this objection may be met substantially in quantitative work; 
thej’’ have indicated also that there is rather good agreement in the results 
of estimations of the sulfhydr}'! groups of denatured egg albumin with a 
wide variety of reagents. As stated earlier, we have found porphyrindin 
to be of special utility as an aid in the dilTerentiation of the reactive a and 
the b fractions in active urease. It has been used also in the estimation of 
the total reducing groups of denatured urease (sec below). 

For the purposes of this investigation, we wished to have in hand for 
the estimation of protein sulfh 3 ’^dr 3 d groups a less unstable oxidizing reagent 
well adapted to use in a method possessing satisfactory precision. Such 
a reagent was found in o-iodosobenzoic acid. We already (19) have 
demonstrated the value of this substance in the estimation of cysteine, 
and have discussed in this paper a specific application with urease. We 
cite now some data which indicate the character of results obtained with 
denatured egg albumin. 

Procedure — Hen’s egg albumin was prepared b 3 ’’ the method of Kekwick 
and Cannan (27). It was recr 3 "stallized three times, dissolved in water, 
and diatyzed against redistilled water until sulfate-free. The protein con- 
tent was estimated b 3 ’’ means of micro-Kjcldahl determinations, the ratio 
of albumin to nitrogen being taken as 6.45. The perfectly clear solutions 
were negative to nitroprusside and did not decolorize porph 3 Tindin. 

The sulfli 3 '^dr 3 d content of denatured albumin was estimated as follows: 
Mixtures each consisting of 1.00 ml. of egg albumin (3.59 per cent), 2.0 ml. 
of M phosphate buffer (pH 7), and 2.0 gm. of pure guanidine h 3 ’’drochloride 
were allowed to stand under nitrogen at 22-30° for 30 minutes. Each 
mixture then was treated with 20.00 ml. of sodium o-iodosobenzoate 
(0.001634 n) and allowed to stand 2 minutes, after which there was added 
a freshly prepared solution of 1.0 gm. of sodium or potassium iodide in 
5.0 ml. of N hydrochloric acid, and the iodine was titrated with 0.001764 n 
sodium thiosulfate. In four independent determinations, the thiosulfate 
required was 16.32, 16.38, 16.32, and 16.38 ml. The data indicate 1 
reducing equivalent per 9000 gm. of protein, or 5 equivalents (=5 residue 
weights of — SH) per 45,000 gm., a figure that has been found to be close 
to the average molecular weight of the albumin (28). The reducing 
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capacity of the denatured albumin may be calculated in terms of cysteine; 
found, 1.29 per cent “cysteine.” Determinations were made upon three 
different preparations of crj'staUized egg albumin denatured with guanidine 
hydrochloride; the reducing capacity of each was found to be close to the 
result cited. 

It has been found advisable (c/. (19)) to carrj' out the estimations with 
iodoso reagent upon a series of the protein denaturation mixtures, varying 
amounts of o-iodosobenzoate being used in order to determine a minimum 
workable excess of the oxidizing agent. The volumes are kept the same 
in all determinations. From the data, an essentiallj' linear curve maj' be 
constructed, suitable extrapolation permitting evaluation of the protein 
— SH content. 

Inasmuch as the step in the analytical procedure following the addition 
of o-iodosobenzoate involves the reduction of excess oxidizing reagent with 
acidified iodide and the iodine formed w’ould itself oxidize protein sulf- 
hydrj’l, if present, it was necessarj' to demonstrate, as was done in the 
case of cysteine (19), that the oxidation of the sulfhydiyl groupings actually 
was accomplished by o-iodosobenzoate before the addition of iodide. This 
was proved conclusively as follows: Samples of albumin, denatured as de- 
scribed above, were found to give ^^vid nitroprusside tests and also readily 
to decolorize 0.001 n porphjTindin. However, after such preparations were 
treated at pH 7 with excess o-iodosobenzoate solution in the manner de- 
scribed, they were found to be nitroprusside-negative, and to possess no 
further reducing action with respect to added porph 3 Tindin. Entirel}' 
concordant results were obtained in parallel tests with cysteine in place 
of the denatured protein.*” 

lodosobenzoale Method Applied to Reduced Glutathione — (See also (19)). 
The following is representative of a number of determinations upon dif- 
ferent high grade samples of HS — glutathione. Each of four 10.00 ml. 
portions of glutathione solution -was treated with m sodium phosphate of 
pH 7 and 20.00 ml. of o-iodosobenzoate, 0.001643 n; after J minute, acidi- 
fied sodium iodide was added. The ml. of 0.001749 N thiosulfate required 
were (1) 6.310, (2) 6.300, (3) 6.305, (4) 6.300, giving the normality of the 
HS — glutathione solution 0.002980; normality, by weight, 0.00295; bj' 
direct iodometric titration in acidified iodide solution, 0.00281. 

lodosdbenzoate and Amino Acids — ^The following amino acids (in solu- 
tions or suspensions corresponding to 0.01 m) were found to be unaffected 
by o-iodosobenzoate in phosphate at pH 7 under the conditions described 
for the estimation of the substituent sulfhj^drj’-l groups of denatured albu- 
min: tyrosine, cystine, trj'ptophane, proline, methionine, serine, and argi- 

*“ Dr. Curt C. Porter kindly performed these tests. 
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nine. Thi.s experimentation disclosed the necessity of adding acidified 
iodide after the antecedent action of the iodoso reagent upon protein. 
If neutral iodide is added before acidification, the iodine formed by the 
oxidizing action of excess o-iodosobenzoate may form -with trj'ptophane 
at pH 7 the wine-colored derivative; if acid is added before iodide, cystine 
and methionine begin to be oxidized by the acidified o-iodosobenzoate; 
difficulties are obviated bj' the use o{ freshly acidified alkali iodide. 

Non-interference by sensitive amino acids docs not guarantee lack of 
reactivity of o-iodosobenzoate with combined amino acids (other than cj^s- 
teine) in proteins. However, there is significant increase in the degree of 
probability that the onlj’ reducing groups estimated are the suini 3 '’drj'l. 

Estimation of Total Sulfhydryl Content of Denatured Urease — (1) Of 
Preparation B (Table I) each of two 0.500 ml. portions was treated with 
water, 1.5 ml., m sodium phosphate buffer of pH 7, 0.5 ml., and pure 
guanidine hydrochloride, 1.0 gm. The mixtures were allowed to stand at 
room temperature under nitrogen for -1 hour. To each were added 3.000 
ml. of 0.002072 n o-iodosobenzoate; after 2 minutes there was added 0.5 gm. 
of potassium iodide dissolved in 3.0 ml. of n hj'drochloric acid, and the 
iodine was titrated with 0.00182G n thiosulfate; thiosulfate required, 2.450, 
2.490 ml. 

On the assumption that 130,000 units — 1.0 gm. of urease and that 
extraneous protein in Preparation B (1900 units per ml.) does not contain 
reducing material, the data give for the reducing equivalents (=c= residue 
weights of — SH) in 21,300 gm. of urease, 4.8 and 5.0. 

(2) Three 1.000 ml. portions of denatured urease of Preparation C (2815 
units per ml.) were found equivalent to the following quantities of N 
o-iodosobenzoate; (a) 0.00504, (5) 0.00505, (c) 0.00502 ml. (With 1 ml. 
quantities of this potent urease, the reproducibility in the results was ex- 
cellent.) 

The data give for gm. of urease containing the equivalent of 1 — SH 
residue weight, 4300 gm.; accordinglj'-, there are 5 reducing equivalents 
(= residue weights of — SH) in 21,300 gm. of urease. 

For the reasons cited earlier, the number 5 probablj"^ must be considered 
no more than an upper limit for the total sulfhydryl content, notwith- 
standing the recurrence of this figure in analyses of three different urease 
preparations. 

In the estimation of the reducing capacity of 0.5 to 1.0 ml. portions of 
denatured urease, porphyrindin was found inferior to o-iodosobenzoate, 
particularly in respect to precision and reproducibility of results. How- 
ever, the order of magnitude of the reducing equivalents found was the 
same; found, 4 to 4.5 equivalents per 21,300 gm. of urease. 
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SUMMARY 

1. Evidence of a quantitative nature is presented which bears upon 
the role of certain of the protein sulfhydtj'l groups in relation to the control 
of the activity of urease, a sulfhj'drjd enzj'me. It has been shown that 
suitable treatment of urease having an activity of approximately 2500 units 
per ml. and 100,000 units per gm. with standard p-chloromercuribenzoate 
solution, corresponding to 2 moles of the mercuribenzoate for close to 
21,300 gm. of this protein-enzyme, rc.sults in enzymatic inactivation. The 
inactivation is fully reversed with cj'steine. Addition of the 1st mole 
involves no decrease in catal5dic activity; addition of the 2nd is accom- 
panied by its abolishment. Of the 2 residue weights of protein sulfhydrjd 
which must be "removed” for completion of the inactivation, the first 
maybe acted upon not alone by p-chloromercuribenzoate (or other suitable 
organometallic compounds) but alternatively by means of appropriate 
treatment with iodoacetamide, porphyrindin, or o-iodosobenzoate; the sub- 
sequent addition of but 1 mole of mercuribenzoate is then accompanied 
by reversible inactivation. These 2 sulfhydryl residue weights have been 
differentiated somewhat tentatively into categories, designated for con- 
venience as (1) the a groupings, possiblj’^ surface-substituted and thus 
immediately available to the action of nitroprusside, mercaptide-forming 
metallic compounds, iodoacetamide, and certain oxidizing agents, and 
(2) the h groupings, still capable of rather rapid interaction with p- or 
o-mercuribenzoate to form, pre.sumably, slightly dissociated mercaptide 
linkages, but relatively less available to the action of certain other reagents, 
whether for structural or other reasons. On this basis, the b groupings 
appear to be more directly concerned with the enzymatic activity. The 
6 groupings are attacked by concentrated solutions of iodosobenzoate and 
iodoacetamide. 

2. With porphyrindin and o-iodosobenzoate, respectively, sulfhydryl 
groups in considerable excess of the a and b groups have been estimated 
in urease, denatured in guanidine hydrochloride solution. 

3. Recrystallized and dialyzed hen’s egg albumin, after denaturation 
with guanidine hydrochloride, has been examined for its sulfhydryl con- 
tent by titration with standard o-iodosobenzoate. The method developed 
gives results characterized by excellent reproducibility. The validity of 
this application of the method is strengthened by its utilization in the 
estimation of cysteine (discussed in an earlier communication) and of 
reduced glutathione, and further by observations that sodium o-iodoso- 
benzc.ate, under the conditions used, fails to oxidize certain amino acids, 
notably tyrosine, tryptophane, serine, and methionine. 

4. The results of the investigation appear to bear upon certain char- 
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acteristic differences in the behavior of various sulfhydiyl-containing pro- 
teins and protein-enrynics, with reference paiiicularly to divergencies in 
their reactivity with various allcjdating and oxidizing reagents. 
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STUDIES ON THE HEMORRHAGIC SWEET CLOVER DISEASE 

XI. HYPOPROTHROMBINEMIA IN THE RAT INDUCED BY 
SALICYLIC ACID‘ 
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{From the Department of Biochemistry, Wisconsin Agricultural Experiment 
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(Received for publication, November 2, 1942) 

The anticoagulant and hemorrhagic agent 3,3'-methylenebis(4-hy- 
droxycoumarin) does not affect the clotting power of blood or plasma 
in vitro (1, 2). Vffien given orallj'^ to various species of experimental ani- 
mals and man, its hypoprothrombinemia-inducing action does not become 
detectable (even mth diluted plasma) until a lapse of 12 to 24 hours (3). 
The onset of the hypoprothrombinemia can be advanced only a few hours 
by administering the anticoagulant intravenously in the form of its di- 
sodium salt. 

One of us (W. R. S.) has shown that, when a single dose of the anticoagu- 
lant is administered intravenously to rabbits, only traces are detectable 
in the blood stream by spectrographic means after a period of 20 to 24 houre 
(unpublished data). So it appears that, when a single dose of 3 ,3'-methyl- 
enebis(4-hydroxycoumarin) is injected intravenously, most of it disappears 
from the blood stream before the hypoprothrombinemia reaches the maxi- 
mum intensity. It has already been indicated that, when massive doses 
were fed to dogs, some of the anticoagulant appears in the feces unchanged, 
but there were no indications that it was excreted in the urine (3). 

One way to rationalize these observations is to assume that 3,3'- 
methylenebis(4-hydro.xycoumarin) inhibits the formation of prothrombin 
by the liver and that increased prothrombin times do not become apparent 
until the original prothrombin level (or activity) in the blood stream has 
diminished. An alternative explanation is that time is required to inac- 
tivate (or qualitatively alter) the prothrombin present. A third possi- 
bility is that 3,3'-methylenebis(4-hydroxycoumarin) must undergo chemi- 

* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station and supported since July 1, 1940, through special grants from 
the Graduate Research Committee of the University, Office of Dean E. B. Fred, and 
the Wisconsin Alumni Research Foundation. 

Part of the work embodied in this paper is taken from a thesis by Dr. Ralph S. 
Overman presented to the Faculty of the Graduate School in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy, July, 1942. 
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cal change in the animal body before it act.s via either of the aforemen- 
tioned routes. 




OH 

Methyl salicylate 

The quantitative chemical degradation of 3,3'-meth3'lenebis(4-hj^droxy- 
coumarin) to salicylic acid was established bj’’ one of us (C. F. H.) (2, 4). 
Subsequent!}" a studj" of the phj"siological activity of various analogues 
of 3,3'-meth3"lenebis(4-h3"dro.\j"coumarin) and structural!}" related com- 
pounds revealed that only those compounds show anticoagulant action 
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which theoretically might jdeld salicylic acid or an o-hydroxybenzoic acid 
derivative on degradation.^ This generalization becomes apparent from 
the accompanying scheme. 

The purpose of this communication is to show that, when single doses 
of salic 3 dic acid are administered either orall 3 ' or intravenous^' to rats 
maintained on a basal artificial ration low in vitamin K, a temporary h 3 'po- 
prothrombinemia can be induced, comparable in all respects to that caused 
b 3 ' 3,3'-meth3denebis(4-h3'drox3’coumarin) (3, 5). When the rats are 
maintained on a stock grain ration containing vitamin K or when the basal 
artificial diet is supplemented with S3Tithetic 2-methyl-l ,4-naphtho- 
quinone, the h 3 'poprothrombinemia does not develop. It should be empha- 
sized (a) that the prothrombin time of 12.5 per cent plasma will indicate 
the onset of the h 5 'poprothrombinemia before changes in the prothrombin 
time of whole plasma are observed, (b) that the whole blood clotting times 
will usually be unaffected when the reduction in the prothrombin level 
(or activity) becomes detectable, and (c) that hemorrhage does not appear 
unless the salicylic acid is fed or injected continuously over a period of 
time. Since the change in prothrombin time reflected by the 12.5 per 
cent plasma is readily detected and reproducible, we have given our data 
only in terms of this value (3, 6). 

Methods 

The methods used have all been described in preidous papers of this 
series (5-7). It should be emphasized that the artificial ration® is low in 
vitamin K, while the stock grain ration’ contains this dietary factor. Both 
rations are adequate for the growth and maintenance of rats. The animals 
were maintained on the appropriate basal rations a month before use 
(about 10 days .suffice). The salicylic acid given orall 3 ' was mixed into 
cooked com-starch containing 2 per cent cottonseed oil. This was then 
mixed with the artificial ration so that the desired amount of salicylic acid 
was contained in 2 gm. of the final mixture. After a preliminary fasting 
period of 12 hours the rats were fed the salic 3 dic acid ration mixture. 
4 hours after it was consumed, acce.ss to the ration was permitted ad libitum. 
For the injection trials the desired amount of sodium salic 3 ’late dissolved 
in water was administered slowb' into the vein of the rat’s tail. 

For reasons alread 3 ' emphasized a plasma concentration of 12.5 per 

' Data obtained by Dr. M. Stahmann and others here are to be published later. 

’ The artificial ration comprises casein 18 parts, yeast 8, salts 4 (Wesson, L. H., 
Science, 76, 334 (1932)), Wesson oil 5, cod !i.ver oil 2, and cerelose 63. / 

* The stock grain ration comprises corn 40 parts, soy bean meal 10, linseed oil meal 
15, alfalfa leaf meal 3, NaCl (iodized) 1, CajfPOdj 1, skim milk powder 20, butter 
fat 10. 
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cent was used to follow the hypoprothrombincmia (3, 0). The plasma 
from the rats on either ration was relatively uniform in its prothrombin 
level (or activity), the average prothrombin time at the 12.5 per cent con- 
centration being 39 seconds (range 36 to 45). 

EXPERIMENTAL 

Effect of Prolonged Ingestion of Salicylic Acid on Survival Time of Rats — 
The results from many trials will be reported in a highl}'- condensed form. 
Rats maintained on the slock grain ration survived a daily intake of 
salicjdic acid over a period of 60 days at the following levels: 2.0, 10.0, and 
100 mg. A mild hypoprothrombinemia at the higher level was detectable 
in some of the animals. The rats maintained on the artificial ration 
developed a severe hypoprothromtiinemia in 20 days at the 100 mg. level. 

Table I 

Effect of Single Oral Doses of Salicylic Acid on Prothrombin Time of 12.5 Per Cent 
Plasma from Rats Maintained on Artificial Ration 


Prothrombin lime in sec. of 12.5 per cent plasma 


. acid 
fed 

No. 
of rats 

Normal 1 

1 

1 16 hrs. after feeding j 

1 24 hrs. after feeding | 

1 40 hrs. after feeding 


Average 

Ranee 

AvcraRC 

Range 1 

Average 




mg, 

10 

12 

39 

36-44 

40 

1 

3S-45 1 

1 

49 

45-52 


35-39 

25 

15 

39 

37-44 

47 

44-52 j 

50 

48-55 


37-43 

100 

12 

39 

37-15 

53 


65 

58-70 

49 

45-52 


Wien the salicjdic acid intake was raised to 300 mg. per day on the arti- 
ficial ration, severe hypoprothrombinemia developed in 5 days, the pro- 
thrombin time of the 12.5 per cent plasma being 75 seconds; the survival 
time was 10 days (average) for a group of six animals. The hemorrhagic 
manifestations resembling those of the sweet cloi'er disease in cattle de- 
veloped. Since the hemorrhagic condition induced by 3,3'-methylene- 
bis(4-hydroxycoumarin) in the rat has already been fullj' described in a 
previous publication in this series (5), a complete description of the gross 
pathology is not necessary. 

Effect of Svigle Oral Doses of Salicylic Acid on Prothrombin Time of 
12.5 Per Cent Plasma — Single oral doses of salic 3 'lic acid, at the 10, 25, 
and 100 mg. levels, did not prolong the prothrombin time of rats main- 
tained on the stock grain ration. In sharp contrast, the rats maintained 
on the artificial ration developed a temporarj'- hj'poprothrombincmia at 
all levels. The results with the rats maintained on the artificial ration are 
summarized in Table I. 

Effect of Sodnim Salicylate Administered Intravenously on Prothrombin 
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Time of 12.5 Per Cent Plasma — The results with rats maintained on the 
artificial ration are summarized in Table II. It should be noted that a 
single 25 mg. dose of sodium salic 3 date prolonged the average prothrombin 
time of the 12.5 per cent plasma from the normal of 39 seconds to 72 sec- 
onds.'* The 50 mg. dose of sodium salic 3 date produced substantiall 3 ' the 
same degree of prolongation. Under our conditions a prothrombin time 
of 72 seconds of the 12.5 per cent plasma represents the degree of h 3 "po- 
prothrombinemia e.xisting in rats which have developed hemorrhage after 
recei\dng 300 mg. of salicylic acid daib' for 5 da 3 'S while maintained on the 
artificial ration. It has been observed that, when the prothrombin time 
is prolonged b 3 ' a single dose of sodium salicylate administered intra- 
venousl 3 % no tendenc 3 ’’ to hemorrhage is indicated. This is reminiscent 
of our preidous experience with various species of experimental animals 
with single large doses of 3,3'-meth3'lenebis(4-hydroxycoumarin). This 


Table II 

Effect of Sodium Salicylate Administered Intravenously on Prothrombin Time of 12.5 
Per Cent Plasma from Rats Maintained on Artificial Ration 


Sodium 

salicylate 

injected 

1 


Ptothtombia time in sec. of 12.5 per cent plasma 


No. of rats 

Normal j 

1 nbrs.afterinjecUoD 

1 24 hrs. after injection 


Average | 

Range 

i Average 

Range 

Average 

Range 

. o 


1 

39 

1 

37-42 

i 

39 

36- 41 

39 

36-41 

25.0 


39 

35-43 

72 

44- 95 

39 

35-42 

60.0 


39 

1 37-43 

1 

76 

50-100 

38 

36^ 


observation with the mcthylenebiscoumarin has been substantiated by 
others ((3) p. 953, (8-10)). 

Effect of 2-Melhyl-l ,4-naphthoquinone on Hypoprothromhinemia Induced 
by Administration of Salicylic Acid to Rats — The results are summarized in 
Table III. The protective action of the quinone is so striking that a 
detailed discussion of the data is not necessar 3 '. These results suppl 3 ' the 
basis for the differences in the response of the rat to salicylic acid when 
maintained on the stock grain ration as opposed to the artificial ration. 
In sum, it appears that the rats maintained on the artificial ration are 
receiving rdtamin K at a level close to the minimum required, which makes 
it possible for salicylic acid to induce the hypoprothrombinemia readil 3 ’ 
(11). The utilization of vitamin K b 3 '’ this species had alread 3 ' been 
indicated in part through our studies vith 3,3'-methylenebis(4-hydroxy- 
coumarin) ((5) p. 600). We should also state at this point that the 

‘ Confirmed by Dr. K. K. Chen and Mr. Charles L. Rose in the Lilly Research 
Laboratories, Indianapolis. 
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salicylic acid hypoprothrombincmia can only be induced vitli difficult}’^ 
in those species (?.c., the rabbit and dog) in which experimental avitamino- 
sis K cannot be induced readily (12-14). However, wo have had no 
difficultj’- in inducing salic 3 dic acid li.vpoprothrornbinemia in dogs wliose 
livers have been injured through prolonged chloroform anesthesia (15). 
These dogs had been on an adequate stock diet for 30 da.vs subsequent to 
the chloroform intoxication. Thc\' had c.xhibilcd normal prothrombin 
times for 10 daj's or more before the salicjdic acid Inqioprothrombinemia 
was induced. This work will be reported in detail later. 

Comparative Effect of Sodium Salicylate and 3 ,S'-M cthylenchis{Jrhydroxy- 
conmarin) on Prothrombin Time of 12.6 Per Cent Rat Plasma — The folloAv- 
ing observations wore all made with rats maintained on the artificial ration. 


Table III 

Effect of 3-Mcthyl-l ,4-naptilhoqui7iouc on Ilypoprolhromhincmia Induced by Salicylic 
Acid in Rats Maintained on Artificial Ration 


Quinonc and salicylic acid administered 
(15 rats in each group) 

Normal 

1 2thrs. after 

1 administration 

Average 

Range 

Average 

Range 

25.0 mg. salicylic acid (oral), no quinonc . 

.18 

3G-1-4 

50 

45-00 

25.0 " “ “ 4-1.0 ing. quinonc 




i 

(oral) 

39 

30-13 

32 

30-38 




1 12 hrs. after admints- 




[ Iration 

25.0 mg. sodium salicylate (intravenous), no 





quinone 

39 

36-14 

72 

44-90 

25.0 mg. sodium salicylate 4- 1.0 mg. quinonc 





sulfonate (intravenous) 

38 

35-43 

34 

30-44 


Prolhrombin time in sec. of 12.5 per cent plasma 


There is a wide difference in the detectable dose between the two sub- 
stances. When given orall.y, the action of 1.0 mg. of 3 ,3'-methylcncbis(4- 
hydroxj'coumarin) is readilj'^ detectable within 12 hours (increase from 
39 seconds to 55) (sec (5) Fig. 1), while 10.0 mg. of salicjdic acid arc 
required to effect a significant increase in the prothrombin time of the 
12.5 per cent plasma. To induce a state of h.vpoprothrombinemia com- 
parable to that realized with 2.5 mg. of 3 ,3'-metlndcnebis(4-ln'drox.v- 
coumarin) given intravenouslj’-, approximatel.v 50.0 mg. or more of sodium 
salicjdate are required. 

It is a well established fact that salicjdic acid is distributed rapidlj' in the 
bodj”^ following administration and that it has been found to enter into 
nearlj"^ everj’^ secretion, fluid, and organ ((16) p. 25). In fact, distribution 
following oral administration is so rapid that in clinical practice there is no 
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substantial advantage in giving it parenterally. The rapid diffusion 
throughout the bod 3 ’ offers a partial explanation for the relative difference 
in the dosage required to produce a comparable hypoprothrombinemic 
effect with the more slowlj' eliminated 3,3'-methylenebis(4-hydroxy- 
coumarin). The effect of 25.0 mg. of sodium salicylate given parenterally 
can be readilj' detected within 3 to 6 hours, its action being displaj'ed more 
rapidlj”- than that of a 2.5 mg. dose of 3,3'-methylenebis(4-hydroxy- 
coumarin). The maximum hj-poprothrombinemia-inducing effect from a 
single dose of sodium salicj’late (intravenous) is realized within 12 hours, 

2.5MG.a3-METHYU;NEBIS[4-HYOROXYa5UMARIN] 



Fig. 1. The comparative effect of sodium salicylate and 3,3'-methylenebis(4- 
hydroxycoumarin) administered intravenously on the prothrombin time of 12.5 per 
cent plasma (average response of six rats) . 

normal prothrombin values being restored within 24 hours. In contrast, 
3,3'-methylenebis(4-hydroxycoumarin) acts more slowly and the action 
persists over a more prolonged period (see Fig. 1). 

Proof That Prolonged Clotting Times Caused by Salicylic Acid Are Pri- 
marily Due to Induced Hypoprothrombinemia — ^Evidence for the salicylic 
acid hypoprothrombinemia does not rest solely on the figures clocked off 
in our prothrombin method on 12.5 per cent plasma. We have been 
engaged for some time^ on a comparative studj' of the hypoprothrombi- 

‘ These studies were begun in 1937 by Dr. H. A. Campbell and were recently ex- 
tended by Dr. Ralph S. Overman (doctoral dissertation, July, 1942) and are now 
being carried on by Mr. Lester D. Scheel. 
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nemic plasmas obtained bj' the following routes :<(a) deep ehloroform anes- 
thesia of dogs (15), (b) administration of 3,3'-methylenebis(4-hj'drox3'- 
coumarin) to rabbits, dogs, rats, and guinea pigs (3), (c) feeding sulfa- 
guanidine to rats (17), and (d) administration of saliejdie aeid to rats and 
dogs. Sinee it is our hope that a complete report of this studj' may even- 
tually be realized in spite of the present contingencies, we feel that no useful 
purpose would be served bj' undulj' lengthening this paper with detailed 
data that might better be included under another title. Suffice it to 
state that the various plasmas exhibit substantially the same properties 
in so far as the prothrombin activity is concerned. The sustaining points 
on the saliejdie acid hypoprothrombincmic plasma might be collated at 
this time and thej' are as follows: 

1. A series of dilution curves was made with normal rat plasma and 
salicjdic acid hj'poprothrombincmic plasma with phj'siological saline as the 
diluting medium. Tlicsc curves are substantiallj’ like those obtained with 
hypoprothrombincmic plasma resulting from the action of 3,3'-methjd- 
enebis(4-hj'droxj’’coumarin) (sec (6) Fig. 1, p. 8, and (3) Fig. 5, p. 951). 

2. If a salicjdic acid hj^poprothrombinemic pla.sma is diluted with pro- 
thrombin-free plasma instead of the saline solution, there is no restoration 
of the prothrombin time over the whole dilution range. Tlic prothrombin- 
free plasma was prepared bj' the method of Mellanbj' (18). 

3. If a salicjdic acid hj-’pcprothrombincmic plasma is reconstituted with 
normal rat plasma, the normal prothrombin times are restored. This holds 
over a wide range of dilutions — a small quantity of normal plasma (or 
prothrombin preparation) has the capacitj' to restore the prothrombin 
time of appreciable quantities of hj^poprothrombinemic plasma. 

4. If a beef prothrombin preparation® dissolved in saline solution ob- 
tained by the method of Seegers (19) is added to salicylic acid hypopro- 
thrombinemic plasma, the normal prothrombin times can be restored over 
the whole range of a dilution series. 

5. Finally, if salicylic acid hypoprothrombinemia is induced in a rat, 
the prolonged prothrombin times can be reduced rapidlj-- bj" injecting a 
prothrombin preparation dissolved in saline solution. 

DISCUSSION 

The thesis that 3,3'-methylenebis(4-hj'droxj’^coumarin) is metabolized 
in the body to salicjdic acid and therebj’’ exerts its hj^poprothrombinemia- 
inducing effect obviously cannot be accepted until salicjdic acid, a deriva- 
tive of salicylic acid, or some definitive degradation product arising from 

“ We are indebted to Messrs. Carl Pfeiffer and Daniel A. McGinty, Research 
Laboratories, Parke, Davis and Company, Detroit, for supplj’ing some of the pro- 
thrombin preparations used in this study. 
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either has been isolated from the tissue. We are engaged in the pursuit 
of this objective. Sustaining eiddence for the thesis is that the isomeric 
m- and p-hydroxybenzoic acids, as well as benzoic acid, do not induce the 
hypoprothrombinemia when administered intravenously. 

Some 50 years ago the German pharmacologist Binz emphasized in his 
lectures (which also became available in the English language) that, when 
salicylic acid is given to certain individuals suffering from rheumatic fever, ^ 
it causes hemorrhage from the mucous membranes (20).® Binz left the 
mechanism unexplained, but advised caution in the use of the drug (21). 
Subsequently some investigators held that the hemorrhagic manifestations 
observed by Binz were perhaps due to the febrile condition and not to 
direct action of the salicylic acid (16). In 1926 Wetzel and Nourse (22) 
reviewed all the cases of oil of vintergreen (methyl salicylate) poisoning 
previously reported and concluded that in addition to vascular changes the 
most general lesion is hemorrhage. In 1939 Sir Arthur Hurst of Guy’s 
Hospital, London, in a report on aspirin hematemesis (23), wrote that the 
wide-spread use and abuse of aspirin® makes the recognition of its toxic 
effects of more than academic interest and accumulating evidence of its 
power to produce severe gastric hemorrhage necessitates the consideration 
of the possible r61e of this drug in all cases in which the more common 
causes of bleeding can be excluded. 

To our knowledge the extensive literature on the pharmacology and 
therapeutic use of salicylates does not indicate that salicylic acid can affect 
the blood coagulation mechanism per se (16). Furthermore, the literature 
does not contain reports that salicylic acid (salicylates) acts as an anti- 
coagulant in vitro. Extensive trials by us with whole blood and plasma 
from various species of mammals, which need not be given here, also indi- 
cate that salicylic acid or sodium salicylate has no effect on the clotting 
powers of normal blood or plasma in vitro. 

In view of the current behef (13, 24-26) that in adult man dietary defi- 
ciencies of vitamin K severe enough to produce clinical hypoprothrombi- 
nemia are rarely encountered, we would have hesitated to draw on the 
aforementioned medical literature if it were not for the fact that our 
findings on hypoprothrombinemia induced by salicyhc acid in rats have 
already been put to test by two independent clinical investigators. 

’ The amount prescribed in acute rheumatic fever is much larger than that em- 
ployed for any other purpose. In fact the dosage is colossal (see (16)). 

• Binz indicated that in females where this tendency exists the use of salicylates 
may occasion frequent or excessive menstruations or if the patient is pregnant may 
cause miscarriage or premature birth. Prior to Binz, French physicians had asserted 
that one of the direct effects of salicjdic acid is to cause abortions (the literature is 
cited by Binz (20)). 

• See the editorial comment in The Journal of Ihe American Medical Association 
(116, 1199 (1940)) and the annotation in The Lancet (1, 1091 (1940)). 
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The basic observations on rats became icnown to us for the first time in 
June, 1941. We revealed the findings and our matured interpretations to 
Dr. Shepard Shapiro, M.D., Welfare Hospital, New York University Divi- 
sion III, New York, and Dr. 0. 0. Mc3'cr, M.D., Wisconsin General Hos- 
pital, Madison, in carlj' August, 1942.'® Both clinicians have reported 
that our observations arc rciiroduciblc in man even xvhen the diets arc not 
rcstrieted. The clinical reports will appear elsewhere. 

We do not feel that speculation on the interrelationship of 2-methyl- 
1 ,4-naphthoquinonG metabolism and the salicjdic acid hj'poprothrom- 
bincmia is warranted at present, since we know so little about how the 
quinones function in prothrombin sjmthcsis (12, 13, 27). Several attrac- 
tive alternatives should be obvious to an3’onc after a little meditation. As 
we see it, the work reported herewith has in a sense raised more questions 
than it has answered. But it is our hope that it might lead to new ap- 
proaches to the poorl3’' understood beneficial therapeutic action of salic3d- 
ates" (16, 28-30), in addition to odcring at least a partial c.vplanation for 
one of the untoward effects that the3'' might induce under ctrtain condi- 
tions (20, 23, 31). 

A special acknowledgment is due to 1113' eldest brother. Dr. George K. 
K. Link, Professor of Botan3'’ and Plant Pathology, University of Chicago, 
whose critical facult3’- and broad philosophic outlook on biological phe- 
nomena have been a great help to me in connection with our studies on the 
hemorrhagic sweet clover disease (K. P. L.). 

SUMMARY 

1. It is shovTi that single doses of salic3'lic acid induce a temporal^' h3"po- 
prothrombinemia in rats when the rats are maintained on a ration low 
in vitamin K. 

Our findings were also revealed to Dr. K. K. Chen, M.D., Ph.D., at the Lilly 
Research Laboratories, Indianapolis, who with the assistance of Mr. Charles L. Rose 
kindly checked the results on rats. In a letter dated September 18 he stated, “The 
hypoprothrombinemia-inducing effect of salicylic acid which you have observed can 
be easily substantiated.” The responses obtained by Messrs. Chen and Rose with 
25 mg. of sodium salicylate per kilo (intravenous administration) practically dupli- 
cate the figures in Table II. We wish to thank them for their generous and prompt 
cooperation. 

** It is generally held that salicylates e.\crt their typical effects by virtue of the 
salicylic acid content, variations in solubility and propensity to cause local irritation 
being the main factors which determine the degree of usefulness. The efficacy of the 
different salicylates depends in part on the amounts of salicylic acid liberated in 
the body, but not entirely on this factor. Thus it is reasonable to assume that the 
hypoprothrombinemia-inducing effects of the various salicylate drugs would vary. 
We already have evidence pointing in this direction. 
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2. The salicylic acid hypoprothrombinemia does not develop when rats 
are maintained on a diet containing vitamin K. 

3. The sjmthetic quinone (2-methj’l-l, 4-naphthoquinone or the water- 
soluble sulfonate) protects the rat against the hipioprothrombinemia- 
inducing action of salicylic acid. 

4. The parallelism between the hj'poprothrombinemia and hemorrhage 
induced by 3,3'-methj’lenebis(4-hydrox3'coumarin), the causative agent 
of the hemorrhagic sweet clover disease, and salicylic acid is indicated. 

5. The bearing of these findings on some of the long standing contra- 
indications reported in the therapeutic use of salicjdates in medicine 
(hemorrhage) is discussed. 
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HYDROGENASE AND SYMBIOTIC NITROGEN FIXATION* 


By P. W. WILSON, R. H. BURRIS, and W. B. COFFEE 
{From the Department of Agricultural Bacteriology, University of Wisconsin, Madison) 

(Received for publication, November 30, 1942) 

In 1941 Phelps and Wilson (1) demonstrated the presence of hydrogenase 
in Azolohacier vinelandii and suggested that it might be significant for nitro- 
gen fixation by this species. This proposal, originally based on the fact 
that molecular hydrogen is a specific inhibitor for nitrogen fixation by this 
organism, has been supported by additional investigations (2).^ Since H 2 
also inhibits nitrogen fixation by the s}rmbiotic system of leguminous plants 
inoculated with the root nodule bacteria {Rhizdbium sp;), it was thought 
probable that these species likewise might possess hydrogenase. Tests of 
pure cultures gronm on laboratory media were negative, but suspensions of 
the organism prepared directly from pea nodules by the method of Thome 
and Burris (3) apparently contained the enzyme. This was not tme, how- 
ever, of cultures from nodules of the soy bean (1). Before these erratic 
results could be resolved, the 1941 gro\ving season ended, and investigations 
on the bacteria from nodules of leguminous plants had to be discontinued 
until the follo^ving year. This paper describes our more recent tests on 
these organisms. 

Methods 

Our original observations were based on a modified Thunberg method in 
which the rate of reduction of methylene blue in the presence and absence 
of H 2 was measured. The control was a tube which had been evacuated by 
a water pump. At times an inert gas was added to this control: N 2 , He, 
or A. When this was done, the tube was flushed once with the gas which 
was passed through a tower of alkaline pyrogallol to remove O 2 impurities. 
Although this method is quite satisfactory for suspensions which possess a 
powerful hydrogenase, such as Azotobacter, it has several potential sources 
of errors. These include (a) failure to evacuate to the same degree in con- 
trol and experimental tubes, (6) failure to remove the last traces of oxygen 
from the displacing gases. Because of our erratic results with nodule sus- 
pensions it seems likely that, if a hydrogenase is present in such cultures, 
its activity will be feeble; therefore, demonstration will require more precise 

* This research was supported in part by grants from the Rockefeller Foundation 
and from the Wisconsin Alumni Research Foundation. 

* Unpublished data from this laboratory. 
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and reliable procedures than the one previously used. We have employed 
three improved methods for detecting hydrogenase. 

Modified Thwihcrg Mclitod — 1 ml. of bacterial suspension is placed in the 
hollow stopper of the Thunberg tube described by I'am and Wilson (4). 
The tube itself contains 1 ml. of 0.00005 m methylene blue, 3 ml. of m/15 
phosphate buffer (pH 7.5), and 5 ml. of distilled water. It is evacuated 
with a Hyvac pump (rated final vacuum of 10“’ mm.). The last traces of 
air are swept out by the vaporization of water which is condensed in a dry 
ice trap. The cylinder gases arc freed of oxygen by slow passage over cop- 
per turnings heated to about 800°. After j^assing through a diy ice trap 
the gases arc collected in glass bulbs evacuated to 10“’ mm. of Hg. A gas 
is transferred from the storage bulb to the evacuated Thunberg tube by 
means of a Urej’ pump (5). 

After temperature equilibration at 35°, the suspension is mixed with the 
contents of the tube, and the reduction of the methylene blue measured in a 
Coleman universal spectrophotometer at a wave-length of 660 npi. Read- 
ings arc made every 5 minutes; when log h/I is plotted against time, a 
straight line results whose slope measures the rate of reduction of the dye. 
Jo is the final galvanometer reading after complete reduction of dye with 
sodium hydrosulfitc; 7 is the reading at any time, t. 

Modified Thituberg-Worhiirg Method — The foregoing method was modi- 
fied by carrjdng out the reduction in the Warburg micro respirometer and 
measuring the rate of H; uptake instead of the reduction of methylene blue. 
In a flask whose side arm contains 1 ml. of 0.002 m methylene blue are 
placed 1 ml. of bacterial suspension and 1 ml. of m/15 pho.sphate buffer of 
pH 7.5; if an inhibitor is to be added, 0.5 ml. of a double strr'iigth bacterial 
suspension and 0.5 ml. of inhibitor solution arc used. KOH is placed in 
the center well to absorb any anaerobic CO; produced. After temperature 
equilibration at 35°, the manometers arc obsciwcd for 10 to 20 minutes to 
check that no “endogenous” gas uptake occurs, then the methylene blue is 
tipped in, and the uptake of gas measured. After 20 to 30 minutes the 
reduction of the methylene blue is complete, and no further change in the 
manometer occurs. 

Kjiallgas Reaction — While investigating various po.ssibilities for more 
precise methods of measuring hydrogenase activity, we found that cultures 
of Azotohacter readily use Oj as the H™ acceptor. A method was then devel- 
oped based on this K7iaUgas reaction (6). Although the original method 
was satisfactory for Azotohacter, this would not assure that it would be with 
nodular suspensions which possess an unusually high endogenous respira- 
tion. Accordingl^q we sought for differential inhibitors which would de- 
press Oo uptake due to respiration more than that due to oxidation of Hs. 
Three such inhibitors were found (7), two of which (iodoacetate and hydrox- 
ylamine) have been used extensive^’^ in this work. 
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Before use on nodular suspensions all methods were thoroughly tested 
ivith Azoiobacter, and found to be both sensitive and reliable. The reduc- 
tion of methylene blue in the modified Thunberg method no longer showed 
an initial lag (1), indicating that the last traces of Oj had been removed; 
even with quite dilute suspensions of Azoiobacter pronounced hydrogenase 
activity was evident. In the Thunberg-Warburg method no change in the 
manometer occurred (after thermobarometric correction) until the methyl- 
ene blue was added. With Azoiobacter, gas equivalent to the required 
to reduce the added dye disappeared, after which the readings once more 
became stable. The precision and accuracy of the method based on Hj-Oi 
uptake have been discussed in previous reports (6, 7). 




Fig. 1 . Test for hydrogenase in suspensions from nodules by the modified Thun- 
berg technique. Curve 1, He, Azoiobacter-, Curve 2, He, soy bean; Curve 3, Hj, soy 
bean; Curve 4, He, cow-pea; Curve 5, Hj, cow-pea; Curve 6, Hj, Azotobacler. 

Fig. 2. Test for uptake of Hj by nodular suspensions in presence of methylene blue. 
Zero time indicates the point at which the dye was tipped in. Curves 1, Hi, Azato- 
5ac(er; Curves 2, He, Azoiobacter-, Curve 3, Hi, cow-pea; Curve 4, He, cow -pea; Curve 
S, Hi, soy bean; Curve 6, He, soy bean. 

EXPERIMENTAL 

Results from typical experiments in which the improved methods were 
used are shown in Figs. 1 to 4 . Since suspensions from nodules of the cow- 
pea and soy bean reduce methylene blue as rapidly in a helium atmosphere 
as in hj-drogen (Fig. 1), it is concluded that the reduction arises from de- 
hydrogenases acting on endogenous substrates. With Azotobacler reduc- 
tion is much more rapid in Hj. In this particular trial, the rate of reduction 
by the soy bean suspension is somewhat more rapid in Hi, but it hardly 
e.\'ceeds experimental error and was not obsen’ed in other experiments. 

Consideration of the lines in Fig. 1 suggests that the Thunberg method 
may not be too suitable for demonstration of hydrogenase in nodular sus- 



478 


SYMHIOTIC NITIIOGEN FIXATION 


pensions, since reduction of the dye bj' dch 3 ’drogcnnscs which use endog- 
enous donators may obscure the reduction bj' Hj. This confusion of 
acti^dty is eliminated in the Warburg- Thunberg method in wliich the Hj 



Fig. 3. Test for Kiiallgas reaction in nitrogen-fixing bacteria. Left, suspension 
from cow-pea nodules; right, suspension from soy bean nodules. Curve 1, .dzofo- 
bacter in H2-02; Curve 6, Azotohacter in Hc-O-; Curves 3 and 7, PI'-O- mixture; Curves 
2 and 8, He-02 mixture; Curves 4 and 9, H 2 -O 2 plus 0.01 m iodoacetate; Curves 5 and 
10, He-02 plus 0.01 M iodoacetate; Curve 11, H 2 -O 2 plus 0.002 m hydroxylamine; Curve 
12, He-02 plus 0.002 m hydroxylamine. The values for the inhibitors refer to the final 
concentration. 



Fig. 4. Test for Knallgas reaction in pure and nodular cultures. Curves 1 and 6, 
H 2 -O 2 ; Curves 2 and 5, He-02; Curves 3 and 8, H 2 -O 2 plus 0.002 m hydroxylamine; 
Curves 4 and 7, He-02 plus 0.002 m hydroxylamine. 

used to reduce the djm is measured directly. No evidence of uptake of H- 
by nodular suspensions was obtained with this method (Fig. 2). The small 
changes in the manometers were independent of the presence of H 2 or He 
and can be ascribed to experimental error. Wlien Azolobactcr was used, 
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however, the uptake of H 2 approached the theoretical (44 microliters) neces- 
sarj- for reduction of the meth}'lene blue. 

The data of Figs. 3 and 4 are tj'pical of a large number of trials in which 
the Knallgas reaction was employed for detection of hydrogenase. Curves 
1 and 6 (Fig. 3) illustrate its use with the hydrogenase in Azoiohacter. The 
absence of the enzyme in nodular suspensions from soy bean or cow-pea is 
demonstrated b 3 ' the following; (a) the uptake of gas is as rapid in an He-Oj 
mixture as in an H 2 -O; mixture; (b) the same is true in the presence of in- 
hibitors such as iodoacetate and hj’droxylamine which exert a differential 
effect on oxidation of substrate and hydrogen (7). Likewise, no e\ddence 
was obtained for the eastence of hydrogenase in either the pure culture or a 
nodular suspension of the pea organism (Fig. 4). 

It is emphasized that the data in Figs. 1 to 4 have been confirmed bj’- 
similar results from a large number of experiments completed during the 
past growing season. In addition to trials which were essentially replica- 
tion of those selected for illustration, several variations were introduced in 
the standard procedures outlined under “Methods.” These included (o) 
variation in the pOj used in the Knallgas reaction from 0.01 to 0.20 atmos- 
.phere, (b) use of both intact and crushed whole nodules instead of the sus- 
pension of bacteria from the nodule, (c) preliminary incubation of the 
suspension (or nodules) in pure Hj, (d) variation in the age and varietj'- of 
the plant, (e) change in the concentration of suspension used — ^bacterial 
nitrogen varied from 0.5 to 2.0 mg. per ml. In nearlj' all trials the absence 
of a hj-^drogenase in the root nodule bacteria was indicated. Occasional^, 
results suggesting weak hydrogenase activity were obtained, but these were 
neither numerous nor consistent. 

DISCUSSION 

The results from these experiments make it extreme^ doubtful that the 
root nodule bacteria, either in pure culture or in association with the plant, 
contain hj-drogenase. If this is true, a significant difference in the sj-m- 
biotic nitrogen fixation system and that in the free li^^ng Azoiohacter is 
suggested. The latter possesses a powerful hj'drogenase which appears to 
be associated with its nitrogen-fixing activity (2).‘ At this time, however, 
we cannot definite^ conclude that nitrogen fixation and hj'drogenase are 
not associated in the sjunbiotic sj'stem. Although both pure culture and 
nodular suspension apparently lack hj'drogenase, thej' also are imable to fix 
free nitrogen. Using the extremely sensitive nitrogen isotope method, we 
have been unable to detect fixation bj' such cultures.* Intact nodules, 
however, frequentlj' assimilate detectable quantities of free N*®. It was 
this fact that led us to test nodules rather than the bacteria. 
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With such heterogeneous materinl ns whole nodules the reliability of the 
hydrogenase measurements is greatly reduced. liecausc of the rapid re- 
duction of the dye by dehydrogenases the methylene blue techniques arc 
almost useless. In applying the method based on the K7iaUgas reaction, 
we weighed 1 gm. of fre.shlj' excised nodtdcsinlo the Warburg flask; after 
the test was completed the contents of the flask were washed into a Kjel- 
dahl flask and the total nitrogen determined. The variation among sam- 
ples in total nitrogen content indicated that the quantities of active mate- 
rial present in the flasks were far from equal; hence uniformity in gas uptake 
could not be expected. Kven when the re.sults arc expressed as activitj’ per 
mg. of nitrogen, the variation between duplicates was generally so great 
that a weak hydrogenase would be obscured. Tlic sensitivity of the method 
was likewise decreased by the large endogenous respiration, part of which 
apparentlj' was not greatly influenced by iodoacctatc and hydroxylamine. 
Since even the modified methods are not jiart icularly adapted for detection 
of weak activity in such heterogeneous material, a better approach might 
be to use heavy hydrogen, just as we have used heavy nitrogen to detect 
nitrogenase activitj'. 

Finally, our experience with plant cultures grown in the presence of H: ■ 
.should be mentioned. In these experiments (S) ample fixation occurred 
even though Hj did inhibit the reaction. If the nitrogen-fixing system in 
the intact plant were a.ssociatcd with as powerful a hj'drogcnase as is pos- 
sessed bj' Azoiobaclcr, one would expect the disappearance of a detectable 
quantitj' of gas through operation of the K7iaUgas reaction. Although this 
maj' have occurred on a small scale (comparable with the quantity of N: 
fixed), it never approached that observed when organisms known to contain 
a hj'drogcnase were present (9). 


SUMM.VUY 

Three modified procedures designed to imiu'ovc the sensitivitj' of the 
methods for detection of hj’drogcnase in bacteria have been developed and 
applied to nitrogen-fixing organisms. In one, the rate of reduction of 
mcthjdene blue is determined in a .spcctroidiotomctcr; special care is taken 
to insure that the gases used are free of oxj'gcn. Another combines the 
standard Thunberg method with the Warburg manomctric procedure, so 
that the Ho which disapjjcars in the reduction of methj'lene blue is meas- 
ured instead of the time of reduction. The third measures the disappear- 
ance of gas in an Ho-Oo mixture ; a modification of this method includes use 
of differential inhibitors which selectivclj' reduce the respiratoiy activitj'. 

The reliability and sensitivitj' of the methods were demonstrated with 
Azotobacter which contains an active hj'drogenase. Tests for this enzyme 
in suspensions of bacteria from nodules of pea, soj' bean, and cow-pea 



■mi-SOX, BURRIS, AKD COFFEE 


481 


plants were then made. Excised whole nodules wei-e also tested, although 
the methods are not pavticularty suited for such heterogeneous material. 

The root nodule bacteria apparentl5' do not contain hydrogenase. The 
relation of this finding to symbiotic and asjTObiotic nitrogen fixation is 
discussed. 

BIBLIOGRAPHY 

1. Phelps, A. S., and Wilson, P.W., Proc.Soc.Bxp. Biol, and Med., 47, 473 (1941). 

2. Lee, S. B., Wilson, J. B., and Wilson, P. W., J. Biol. Chem., 144, 273 (1942). 

3. Thorne, D.W., and Burris, R. H.,/. Bad., 39, 187 (1940). 

4. Tam, R. K., and Wilson, P.W.,J. Bad., 41, 529 (1941). 

5. Thode, H. G., and Urey, H. C., J. Chem. Physic., 7, 34 (1939). 

6. Wilson, J. B., Lee, S. B., and Wilson, P. W., J. Biol. Chem., 144, 265 (1942). 

7. Wilson, J. B., and Wilson, P. W,, J. Gen. Physiol., in press. 

8. Wilson, P. W., The biochemistry of symbiotic nitrogen fbcation, Madison (1940) . 

9. Lee, S. B., and Umbreit, W. W., Zcnlr. Bakt., Parasitenk., S.Abt., 101, 354 (1940). 




LETTERS TO THE EDITORS 


INFLUENCE OF BUFFER AND GLUCOSE IN THE 
LACTOBACILLUS CASEI ASSAY FOR 
PANTOTHENIC ACID 

Sirs: 

Clarke et al.'^ have recently reported the formation of 20 to 23 ml. of 
0.1 K acid in the Lactobacillus caset assay for pantothenic acid as compared 
to the usual maximum of 10 to 12 ml. The higher values were obtained 
when 400 mg. or more of rice polishings concentrate were added to 10 ml. 
of medium. Similar results have also been obtained with Lactobacillus 
casei in riboflavin assays of extracts of whole wheat flour, wheat bran, 
and rice bran.® We should like to report high acid formation in panto- 
thenic acid assays obtained simply by increasing the amounts of glucose 
and sodium acetate in the assay medium. The findings are, in general, 
also applicable to the riboflavin assay. 

It is knorni that a low pH as a result of lactic acid accumulation may be a 
limiting factor in this fermentation and that a marked increase in acid pro- 
duction occurs if the cultures are adequately buffered or neutralized during 
the fermentation.® We find that if the pantothenic acid assay medium of 
Pennington et al^ is carefully prepared to contain 0.6 per cent sodium 
acetate as required, an increase in glucose from 1 to 2 per cent raises the 
maximum amount of acid formed in 10 ml. of medium from 10.5 to 14.5 ml. 
in the presence of 1 7 of pantothenic acid. 15 ml. of acid are formed with 
3 per cent glucose. 

If 2 per cent glucose is used, an increase in concentration of the sodium 
acetate buffer from the customary 0.6 per cent to 1.2 and 1.8 per cent 
raises the amount of 0.1 n acid formed in 10 ml. of medium from 15 to 
1 8.5 and 19.3 ml., respectively. The additional acetate raises the buffering 
capacity of the assay medium as measured by potentiometric titrations 
with hydrochloric acid. The ratio of the amount of 1.17 n HCl required to 
bring the media containing 0.6, 1.2, and 1.8 per cent sodium acetate, 
respectively, to pH 4.0 (approximately the final pH of the fermentation) 

' Clarke, M. F., Lechycka, M., and Light. A. E., J. Biol. Chem., 142 , 957 (1942). 

® Wegner, M. I., Kemraerer, R., and Fraps, G. S., J. Biol. Chcm., 144, 731 (1942). 

» Longsworth, A.G.,andMacInncs, D. A.,/. Bac(..32, 567 (1936). Tatum, E.L., 
and Peterson, W. H., Ind. and Eng. Chem., 27, 1493 (1935). 

* Pennington, D., Snell, E. E., and Williams, R. J., J. Biol. Chem., 136, 213 (1940). 

483 




484 


1,E1TKHS TO THE EDITOHK 


is Witli 1 per cent glucose, the additional acetate does not 

increase acid formation. 

Results similar to those with acetate can he obtained by periodically 
neutralizing the cultures with sodium hydroxide. As much as 32 ml. of 
0.1 N acid is formed in 10 ml. of medium containing 3 per cent glucose. 

It is, therefore, evident that the ns.say medium contains sufheient 
nutrients and growth factors to permit much larger amounts of acid to be 
formed than the maximum normally obtained, provided adequate amounts 
of glucose and buffer arc supplied. These re.sulls rai.so the question ns to 
what extent the sugar content and buffering proj)crtic.s of extracts of rice 
polishings, wheat bran, etc., arc re.sponsible for the high titration values 
obtained with such materials. This problem is under investigation. 

Research Laboratories ,lACon L. Stokks 

Merck and Company, Inc. BEvani.r B. Mahti.v 

Rahway, Hew Jersey 

Received for publication, November IS, 1942 

‘ Wc arc indebted to Dr. N. R. Trcnner and Mr. \V. R. Rei.s.'j of Merck and Com- 
pany, Inc., for these titrations. 




iMICROBIOLOGICAL ASSAYS FOR p-AMINOBENZOIC ACID 

sL: 

We have developed in this laboratory a microbiological assay for p- 
aminobenzoic acid, using a mutant strain of Neurospora crassa^ very 
generously supplied to us by Dr. G, W. Beadle of Stanford University. 
Application of this method, based on studies by Dampen, Underkofler, and 
Peterson," to aqueous extracts of various natural substances yields results 
which suggest that the assay procedure of Landy and Dicken’ responds to 


Table I 


Substances 

^Aminobenzolc acid 

Hot water extract 

1 Acid hydrolysis 


7 per gm. moist tissue 

' y per gm. moist tissue 

Beef liver 

<0.1 

2.5 

Spinach 

0.12 

0.6 

Oats (seed) 

0.13 

0.5 

^lushrooms 

0.5 

1.3 

Fresh yeast 

3.6 

4.0 


Table II 



1 HtSOi 

1 ^•Aminobeozoic acid 



T t" 

1 hr. autoclaving, 15 lbs. 

0.1 

0.9 


1.0 

1.2 


6.0 

2.2 


12.0 

2.0 


only a fraction of the total amount of p-aminobenzoic acid obtainable 
after acid or alkaline hydrolysis. We find, moreover, that enzymatic 
hydrolysis'* or autolysis' is not always sufficient to lead to the maximum 
effect. The increased yield obtainable by heating with 6 N HjSO< for 
1 hour in the autoclave at 115.5° is demonstrated by the examples in 
Table I. 

’ Tatum, E. L., and Beadle, G. W., Proc. Nat. Acad. Sc., 28, 234 (1942). 

’ I.ampcn, J. 0., Underkofler, L. A., and Peterson, lY. H., J. Biol. Chem., 146, 
277 (1942). 

* Landy, M., and Dicken, D. JI., J. Biol. Chem., 146, 109 (1942). 

‘ Cheldelin, V. H., Eppright, M. A., Snell, E. E., and Guirard, B. M., Univ, Texas 
Pub. 4SS7 (1942). 

‘ Blanchard, K. C., J. Biol. Chem., 140, 919 (1941). 
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The effect of acid concentration on the yield of the vitamin from beef 
liver is shown in Table II. 

Recently in this laboratory Dr. D. E. Pennington has developed an 
cxtremelj'- sensitive microbiological n.ssay method for p-aminobcn2oic 
acid, using a lactic acid bacterium ns the test organism. A comparison of 
assay results bj' this and the A^ciirospora method is in progress and com- 
plete details will be published in the near future. 

Biochemical Inslilulc and the Clayton Foundation for IIiinscitEi. K. Mitciieli, 

Research Edith R. Isheld 

The University of Texas Roy C. Thompso.v 

Ansfi'n 

Received for publicnlion, Dccenilior IG, 1912 
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SUBSTRATE SPECIFICITY OF AMINE OXIDASE 

Bt GORDON A. ALLES and ERIK V. HEEGAARD* 

{From the Pharmacological Laboratory, University of California Medical School, San 

Francisco, and the William G. Kerckhoff Laboratories of the Biological Sciences, 
California Institute of Technology, Pasadena) 

(Received for publication, November 2, 1942) 

The tyramine oxidase activity of liver extracts found by Hare (1), the 
ahphatic amine oxidase activity of brain, kidney, and liver extracts ob- 
served by Pugh and Quastel (2), and the adrenalin oxidase activity of 
similar extracts noted by Blaschko, Richter, and Schlossmann (3) were 
brought under a common enzj^me view-point by the latter authors. The 5 ’' 
were able to show (4) that extracts of brain, intestine, kidney, and liver 
from a number of mammals or representatives of the birds, reptiles, 
amphibians, and fishes all acted to absorb oxygen in the presence of several 
amine substrates. Hare (1) had shown that tyramine and phenethylamine 
form ammonia in the course of such oxidations, and Richter (5) showed 
that an ethylamino and a dimethylamino compound, as well as a number 
of methylamino and amino compounds, all yield the corresponding alkyl- 
amines or anunonia in the enzymic oxidation. 

The conclusion that the demonstrated variety of such enzj’mic activity 
can be ascribed to the presence of onty a single type of amine oxidase was 
dependent in large part on observations that the relative activities of a 
preparation from one source on a series of substrates bear some relation 
to the relative activities exhibited by a preparation from another source. 
Further evidence depended upon the action of certain amines as inhibitors 
and apparent competition between substrates when two oxidizable sub- 
strates are present in the system. The degree to which the relative activi- 
ties of different enzj'me preparations were constant in a series of substrates 
was not good in the data reported, and the fact that Hare (1) had not been 
able to note activity of the liver preparations she used upon adrenalin as 
the substrate appeared to require special explanations. 

After the present work was begun, it became obvious that relative to 
activity based on use of tyramine as substrate acth-ity differences are 
notable on other substrates with liver extracts derived from different animal 
species. It appeared very desirable to attempt purification of the crude 
extracts used to see whether during the process changes would result in the 
relative activity when tested on a series of substrates. Another object 
of purification was to prepare material suitable for trial injection into 

• Present address, Institute of Pathology, Western Pennsylvania Hospital, Pitts- 
burgh, Pennsylvania. 
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animals made hypertensive, an experiment ■which was carried out in idea 
by Schroeder (G) but with doubtful adequate activity of the enzyme used. 

The degree of purification achieved after verj' considerable work was 
not very great, but an efTective and rapid separation from readily dialyzablc 
substances and materials that arc soluble at pH G was developed. The 
activity of s\ich partially purified preparations was determined with con- 
siderable jirccision on a number of substrates to determine the effect on 
the oxidative reaction of small but imjiortant changes in the structure of 
aliphatic, phenylaliifiiatic, and substituted phcnylaliphatic amine sub- 
strates. Such obsen-ations form a basis for consideration of the deamina- 
tion of these various amines by the liver when thej' naturally occur or arc 
introduced in the body, an idea that has been partiall}’ developed for some 
phcnylaliphatic amines by Beyer and Lee (7). The kinetic equilibrium 
constants for amine oxidase and its amine substrates here reported may be 
expected to form bases for ideas of the combination of these same amines 
with physiologically active receptor mechanisms. 

Specks Variance of Amine Oxidase — Crude enzyme preparations were 
made by grinding livers of freshh' killed animals with 4 ml. per gm. of 
0.2 M phosphate bufTcr, pH 7.0, then screening to remove fiber, and centri- 
fuging in a superccntrifugc. The test system consisted of 2.0 ml. of the 
enzyme solution, 0.3 ml. of 0.1 M sodium cyanide, and 0.2 ml. of a 0.1 Ji 
solution of; amine salt (chloride or sulfate). O.xygcn uptake was measured 
at 30° with the usual 'Warburg technique, with readings cverj’ 5 minutes. 
From plots of the data, maximum rates of oxygen uptake were determined 
and calculated into terms of per cent based on the initial rate of oxygen 
uptake of phencthylamine. The data of Table I arc averages of two sets 
of experiments for each animal species. 

The extent to which the data of Table I arc comparable to the data given 
bj’’ Blaschko, Richter, and Schlossmann (4) for certain of these substrates 
when acted on by guinea pig or other liver preparation is impossible to 
determine. The observations here are corrected for the oxygen uptake of 
the blank, which was very small in all cases owing to working promptly 
with fresh extracts only. Aside from minor differences in the pH .and 
temperature of observation, wholly different comparative values may 
result with certain types of substrate by taking only initial rates as the 
basis of observation instead of periods of as long as 1 hour, hlost notabh' 
with the .aliphatic amines, the rate of o.xj’gen uptake decreases with time. 
With the substrate concentrations used, the falling off of rate with any of 
the substrates appears unrelated to disappearance of substrate or of 
enzyme, and is probably an inhibition. of enzyme by reaction products, 
as found by Hare (1). Whatever the cause, it is apparent that maximum 
rates of oxidation are most likely to give a clearer picture of the substrate 
specificity (see Fig. 1). 
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Purification of Amine Oxidase — ^Preparation of a cell-free solution of the 
eni^nne from rabbit liver extract by adsorption on kaolin and elution of 
the product was mentioned by Hare (1). Kohn (8) found the enzj'me to 
be precipitated from pig liver extract at a reaction acid to methyl red and 
the insoluble material with which it was associated to be resuspendable at 
pH 7 to 8. Amine oxidase actmty has only been obser\-ed in the present 

Table I 

Liver Lxlrael Oxidations; Maximum Oxidation Rates (Per Cent) Relative 
to Pheneihylamine 


At 30° with O.OOS m amine Bubstiates in phosphate buSer, pH 7.0. 



K^bbit 

Guinea pig 

Cat 

Cattle 

Ethylamine 

0 

0 

20 

5 

Butylamine 

so 

100 

90 

110 

Amylamine 

110 

140 

110 

85 

Hexylamine j 

120 

80 

90 

85 

Heptylamine 

130 

70 

100 

85 

Benzylaraine 

30 

10 

100 

130 

Phenethylamine 

100 : 

100 

100 

100 

Phenpropylamine 

110 

30 

90 

105 

Phenethanolamine 

30 

30 

55 

5 

Phenethylmethylamine 

105 

120 

105 

65 

3-Hydroxyphenethylan)ine 

70 

190 

110 

95 

4-Hydroxyphenethylainine (tyramine) — 

90 

200 

120 

130 

4-Hydroxyphenethylmethylamine 

4-Hydroxyphenethanolmethylainine (syn- 

65 

1 

160 

SO ! 

i 

85 

ephrine) 

4-Hydroxyphenethyldimethylamine (hor- 

25 

70 

40 

5 

dcnine) 

3,4-Dihydroxyphenethylamine (hydroxy- 

30 1 

i 

10 

45 

80 

tyramine) 

3,4-Dihydroxyphenethylmethylamine (epi- 

65 

200 

80 

85 

mne) 

3,4-Dihydroxyphenethanolamine (arte- 

65 

ISO 

30 

65 

renol) 

3,4-Dihydroxyphenethanolmethylamine (dl- 

25 

1 

40 

20 

5 

epinephrine) 

1-3,4-Dihydroxyphenethanolmethylamine 

15 

40 

20 

5 

(epinephrine) 

25 

40 

20 

5 


work in turbid “solutions,” and in general the activity and turbidity of 
freshly prepared extracts seemed to be proportional. “With salts present, 
the amine ojddase activity cannot be centrifuged out if the pH is 7 or 
higher, and only partially at lower pH values. If salts are removed by 
dialysis and the pH adjusted to 6.0, a flocculent precipitate separates that 
contains almost all of the amine oxidase activity present. Washing this 
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precipitate witli water adjusted to j)!! (5.0 removr.s a con.siderable amount 
of inert material with only a small lo.ss of enzyme activity; then the pre- 
cipitate can he redispersed hy addition of salts or adjustment to pH 7 or 
higher so that it cannot he removed hy centrifugation in a Sharpies mn- 
chine. Storage of the precipitate obtained at jiII G.O at (hat acidity is apt 
to result in a decrease in “solubility” in salt solutions or at higher pH values, 
but without considerable change in activity, showing that activity is ob- 
servable with definitely insoluble particles that may be removed by cen- 
trifugation or filtration. 

The marked instability of amine o.xidasc outside of (he pH range of 5.5 
to 8.5 greatly limits the purification procedures that may be used. Addi- 
tion of but 30 per cent alcohol completely inactivates the enzyme in a short 



Fig. 1. O.Nj'gcn uptake in microliters against time in minutes for different sub- 
strates. At 30° with 2.0 ml. of 1 :4 rabbit liver extract with 0.2 .m phosphate buffer, 
pH 7.0, 0.3 ml. of 0.1 m sodium cyanide, and 0.2 ml. of-O.l m amine salt solution. 

time, and while precipitation of the activitj’- may also be accomplished with 
addition of ammonium sulfate to one-third saturation, such salting-out is 
not a useful purification procedure. Such salting-out results in a consider- 
able loss (25 to 40 per cent) of activity and does not offer any advantage 
over isoelectric precipitation, particularly since the high density of the 
salting-out solution makes difficult the centrifugation of the precipitate. 
Procedures involving adsorption of the activity on such agents as kaolin 
and tricalcium phosphate were tried under various conditions, but were 
not practicable because of unsatisfactoiy recoverj' of the activity from 
the adsorbates. 

Most of the purification work from which the above conclusions were 
drawn was carried out with cattle liver extracts made by grinding the fresh 





G. A. ALLES AND E. V. HEEGAAKD 


491 


tissue with some ice water ia a Waring blendor at high speed, then making 
the mixture to 500 volumes per cent of the tissue weight. For later work, 
because of the importance of using fresh tissue for each preparation, rabbit 
liver extracts were chiefly used and the work reported in this paper mthout 
mention of source was carried out only with enzyme preparations from 
rabbit liver. 

As a standard in the purification work, a unit of amine oxidase activity 
was taken as the amount of enzyme which will catalyze the uptake of 1 
microliter of Oj per minute at 30° and pH 7.0 in the presence of 0.008 m 
tyramine . The protein content of the preparations was readily determined 
by pipetting 10 ml. into 20 ml. of 20 per cent trichloroacetic acid, adding 
100 mg. of diatomaceous earth filter aid, filtering after 10 minutes, washing 
the precipitate with water, then ether, and drying at 80° before weighing. 
The stability of amine oxidase preparations is fair when kept at pH 7 in 
a refrigerator at 0-5°, and only small losses in activity were usually ob- 
served during as much as a week of storage, but an increasing ability of 
the preparation to absorb oxygen without any substrate addition may be- 
come considerable after only a few days and no data are reported for 
preparations over 4 days old. The change in the preparation on storage 
appears to be due to other enzymes, as the addition of 1 : 10,000 to 1 : 20,000 
phenylmercuric acetate served to insure sterility without any effect on 
amine oxidase activity or its keeping qualities. 

The purified amine oxidase preparations used for study of substrate 
specificity and the kinetics of the oxidation of certain amines' were made 
as follows: 

A liver from a rabbit immediately after it was killed (70 to 90 gm.) was 
ground with ice and water in a blendor; then the volume was made up to 
500 ml. and the pH adjusted to 8.0 with a glass electrode. After fiber was 
screened out, the mixture was passed twice through a Sharpies super- 
centrifuge and then placed in Visking tubing and dialyzed for 20 hours 
into 10 liters of water within a refrigerator. Adjustment of the dialyzed 
solution to pH 6.0 with acetic acid yielded a flocculent precipitate which 
was centrifuged out. The precipitate was resuspended in 1 liter of distilled 
water and the pH adjusted to 6.0, the insoluble solids centrifuged off, and 
the centrifugate discarded. The solids were then resuspended in water 
•with addition of some concentrated phosphate buffer solution and some 
1:1000 phenylmercuric acetate solution and exact adjustment of pH, so 
that the final solution was 250 ml. in volume and contained 0.1 m sodium 
phosphate buffer of pH 7.0 and was 1 : 10,000 in phenylmercuric acetate. 
This suspension which was used in the enzyme experiments was a pink-red, 
turbid fluid. 

Following a preparation through this procedure with regard to protein 
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content and enzyme activity showed 0.8 gm. of protein and 440 enzyme 
units in the oriRinal dialysate. I'lio supernatant licpiid from the precipi- 
tation at pll 0.0 contained 4.7 pm. of protein and at)out 35 enzyme units, 
and the wasl\ sohition contained 0.7 pm. of protein and about 25 enzyme 
units. Tlie final enzyme .•'olution contained 3.8 gm. of protein and 280 
enzyme units. Tluis, tlie handling lo.‘<se.s in this preparation amounted to 
about 0 per cent of the luotcin and id)Out 20 per cent of the enzyme ac- 
tivity, but. the loss was justified by the gain in activity per unit of protein 
and other total solid content. 

Combined Influence of p// and Substrate on Activity — The cfTcct of pll on 
tyraminc oxidation with amine oxidase wa.s studied by Hare (I). Tlie 
enzyme and substrate were mixed, the pll adjusted to different values, and 



Fig. 2. Kclntivc rates of oxygen uptake against pll for different substrates. The 
rates arc calculated ns per cent of rate of each compound at optimum pH. .^1, Curve 
1 butylaminc. Curve 2 nmylaminc, Curve 3 hcxylnminc, Curve 4 hcptj'lnmine, Curve 
5 octylamine; B, Curve 1 plienmctbylnminc, Curve 2 phcncthylamine, Cun’c 3 
phcnpropylaminc. Curve 4 phcnbutylaminc, Curve 5 phcnnmylnminc. 


the oxygen uptake of the mixture then determined. The e.xperiments 
indicated a pH optimum at about 9 to 10, with rapid decrease in activity 
at both higher and lower pH values; so that oxygen uptake was only about 
half of the maximum at pH 7. Interpretation of the decrease above pH 
10 is complicated in such experiments, for Haro showed that notable 
destruction of the enzyme activity occurs within 5 minutes at such high 
alkalinities. 

The pH and activity relationship was studied in the present work with 
a number of different substrates to determine to what extent it would 
vary within a series of amines. The alk 3 damines afford a series of com- 
pounds that are ionized in water solution to about the same extent, accord- 
ing to available data (see Alles (9)). These compounds onty show a varia- 
tion in pKb at 25° from 3.34 to 3.69. As may be noted from Fig. 2, the 
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optimum pH for these compounds extends from about 8.1 for butylamine 
through a minimum of about 6.9 for hept. 3 ’lamine, and is around 7.1 to 7.2 
for octjd and higher amines. 

Results obtained with a series of phenalkjdamines (u-phenjdalkjdamines) 
are also shon-n in Fig. 2, B and are of particular intere.st because good deter- 
minations of their ionization constants in water solutions are available 
from the work of Carothers, Bickford, and Hunvitz (10). Their pKi, 
values vary from phenmethjdamine 4.63, phenethj’lamine 4.17, phen- 
propj'lamine 3.80, phenbutjdamine 3.60, to phenamj'lamine 3.51. The 
ionization constants of the latter two amines are within the range for 


Table II 

Maximum Oxidation Rates (Per Cent) Relative to Phenethylaminc 
At 30° with O.OOS m amine substrates in 0.1 m phosphate, pH 7.0. 


Earymc Preinralion 


A 

B 

C 1 

1 

Average 

Strught chain 

Methylaminc 

0 

0 

1 

0 1 

0 

compounds 

Ethylamine 

0 

0 

0 

0 


Propylamine i 

0 

0 

0 

0 


Butylamine 

36 

62 

55 

51 


Amylamine 

101 

102 

116 

106 


Hexylamine 

115 

104 

123 

114 


Heplylamine 

129 

122 

130 

127 

Branched chain 

Octylamine 

p-Methylpropylamine 

133 ' 

! 

145 

141 1 

1 

140 

compounds 

(isobutylamine) . . 

0 

8 

13 

10 


|3-Methylbutylamine . - . 
•y-Metliylbutylamine 

71 

82 

95 

83 


(isoamylamine) 

86 

100 

113 

100 


-y-Methylamylamine. . 
5-MethylhexyIamine 

87 

92 

106 

95 


(isohexylamine) 

98 

100 

113 ! 

1 

103 


alkylamines, indicating the effect of the phenj'l group to be lost. The 
weakest of these bases, phenmethylamine, requires the most strongly basic 
environment for maximum activity, but phenethjdamine falls out of anj' 
regular series variation in that its maximum activity is at the lowest pH 
of any of the series. It should be noted that the plot of Fig. 2 is made to 
indicate most clearty the pH variation for each compound bj”^ assigning 
100 per cent value to the maximum rate at the pH optimum for each amine 
separatety, and does not indicate that the maximum oxidation rate for 
the several compounds is the same at their optimum pH. The relative 
oxidation rates for the same compounds at pH 7.0 alone are given in Tables 
II and IV. 
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AUphodc Primary Amines ^4s Substrates — The oxidation system con- 
sisted of 2.0 ml. of punfied amino oxidnsc projjnmtion in 0.1 .M phosphate 
of pH 7.0 and 0.3 ml. of water, to which wa.s added at zero time 0.2 ml. of 
0.1 M amine salt solution. The amine .salts wore rno.stly .sulfates, though 
chlorides were used on occasion without notable anion cfTcct. Ecadings 
were taken every 2.5 minutc.s to determine accurately the form of the Oj 
uptake against time relationship, and the rates recorded in the l.ables arc 
maximum rates, often largcl}’ determined from the first few readings. A 
control of the enzyme jiroparation without added amine Avas run at the 
same lime as was a comparison standard containing 0.2 ml. of 0.1 ji phen- 
othylamino. Ecsults were discarded if more than a negligible o.xygcn 
uptake was noted in the control during the course of the experiment. By 
repeating such experiments and calculating on the basis of the simultaneous 
uptake rate observed for phcnethylaminc average values were obtained 
as shown in Table II. 

The compounds of Table II arc all primary' carbinamincs, and it is to 
be noted tlint the branched chain compounds were somewhat less actively 
oxidized than the straight chain compound of corresponding total number of 
carbon atoms. The rate of oxidation increases among the series of com- 
pounds as the branching of the chain is further removed from the amino 
group. 

A series of sccondan' carbinamincs in which an a-methyl group was 
introduced into the series of normal nlkylamines rvas particularly studied. 
All of the following a-mcthylalkylamincs were found to be completely 
unoxidizablc under the same conditions ns described for the testing of the 
primary carbinamincs: a-mcthydcthylaminc (iso]jropylaminc), o-mcthyl- 
propjdamine (scc-butjdaminc), a-mcthylbutylaraine (scc-amylamine), a- 
methydamjdaminc, a-mcthy'lhe.xylaminc, a-mcthylhcj>ty'lnminc, a-mcthyl- 
octydamine, a-methj’lnonj'lamine. 

A corresponding series of tertiary carbinamincs in which trvo a-methyd 
groups were introduced into the series of normal nlkylamines Avas also 
studied. All of the folloAA'ing a,a-dimethylalk5'lamines Avere completel.v 
unoxidizablc under the sameconditions.'or, o-dimetlndethydamine (/cr/-butyl- 
amine), a , a-dimethylpropydaminc (tcrt-amylaminc), a,a-dimcthylbutyla- 
minc, a,a-dimethylamylamine, a,a-dimethy'lhexylaminc, a,a-dimethyl- 
hcptylamine. 

Although BhagA'at, Blaschko, and Richter (11) noted no oxidation of 
cadaverinc or putrescine by crude extracts of guinea pig intestine and liver, 
it appeared desirable to extend the observations to the aliphatic diamines 
more generally. Those studied AA'ere all primary carbinamincs and the 
higher members of the series might be expected to behave more like mono- 
amines, since their groups are too far apart to transmit effects along their 
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carbon chains. The following compounds were completely unoxidized by 
amine oxidase under the conditions described for the primary carbin-mono- 
amines: ethylenediamine, trimeth 3 'lenediamine, tetramethjdenediamine 
(putrescine), pentamethj'lenediamine (cadaverine), hexamethj'lenediamine, 
heptamethylenediamine, octamethjdenediamine. 

One additional point seemed worthj'- of special investigation with the 
primary carbinamines as substrates. In comparisons made by Blaschko, 
Richter, and Schlossmann (4) of the relative effects of crude liver extracts 
of guinea pig, rat, or pig on various substrates, it is notable that heptyl- 
amine is less oxidized in an hour than is isoamjdamine or phenethylamine. 
A like situation was noted in our experiments with guinea pig, cat, and 
cattle liver extracts, as shown by the data of our Table I in which maximum 
oxidation rates onl}”^ are considered. The results with rabbit liver extracts 
are dissimilar, and it is even more notable that among the series of the 
aliphatic primary carbinamines heptylamine is the most actively o.vidized 
by rabbit liver extract, while with guinea pig, cat, and cattle liver extracts 

Table III 

Maximum Oxidation Rales (Per Cent) Relative to Phenethylamine with Purified 
Cattle Liver Amine Oxidase Preparation 

At 30° with 0.008 m amine substrates in 0.1 m phosphate, pH 7.0. 



7 

Amylamine 


8 

Propylamine 

75 

Heptylamine 


117 j 





one of the lower members of the series represents a ma.ximum for the series. 
Further investigation of this phenomenon was carried out by purifying a 
cattle liver extract by follotving the procedure described for purified 
preparations of rabbit liver amine oxidase, then carrying out oxidation 
studies in the same manner as were those described in Table II. The 
results are shown in Table III. In contrast to the results with amine 
oxidase preparations from rabbit liver, there is clearly a maximum of 
activity among this series of amines, and the three lowest members of the 
series are oxidizable, propylamine being quite notabfy oxidized, whereas 
with rabbit liver preparations it is not at all. 

N-Methyl Derivatives of Aliphatic Amines As Substrates — ^Although 
Blaschko, Richter, and Schlossmann (4) found with extracts of guinea pig 
mtestine and liver that the symmetrical dialkylamines and trialkjdamines 
were not o.xidifeed, it seemed important to studj' a number of alkj-lmethjd- 
amines and alkjddimethylamines in comparison with the alkj’l primarj' 
amines. The oxidation system and conditions were kept as for the experi- 
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mcnts of Tiiblo 11; so tlmt the oxidation rates oliservcd with tlic alkyl- 
aminos in these experiments were nssiRned the average values ns there given 
and the oxidation rates of the N-mcIhyl and N-dimothyl derivatives calcu- 
lated on this basis. The alkyltrimothylammoniums wore included in this 
grouping of compounds, for the only previously investigated compound 


Taiim; IV 

Maximum Oxidation Hales O'er Cent) Itdnlivc to I’hcnrlhylaminc 
At 30° with O.OOS .\i amine Hiih.'ilratc.s in 0,1 m phoRph.ale, pTI 7.0. 



31 


114 

Uutylmetliylaminc 

27 

llcxvlmDtliylnminc 

4G 

Butyklimetliylaminc 

0 

llcwhlimcthvlnmino 

5 

Butyltrimcthylammoninm.. 

0 

Hcxyltrimcthylammonium . 

0 

Amylaminc 

lOf. 

llcptylaminc 

127 

Amylmcthylamino 

57 

Hcptvlmcthylaminc 

70 

Amyldiincthylamine 

0 

Ifcptyhlimclliylaminc 

15 

Amyltrimctliyhimnuminm 

0 i 

Hi'ptyltrimcthylammonium 

0 


'r.Mii.i; 

Maximum Oxidation Kates (Per Cent) Kclativr to PItcncthylamine 
At 30° with O.OOS .m amine siil).strato.s in 0.1 m pliosphatc, pll 7.0. 


Phcnmcthylaminc (licnzyl- 

! 30 

‘ Phcnj)ropylaminc (^-phenyl- 

109 

amine) 

1 ' 

1 propylamine) 


Phcnothylamine (^-iihonyl- 

! 100 

^ Plienhntylamine (6-phenyl- 

IIS 

cthylaminc) 


1 bulylamine) 


/3-MclhylplicncthyIaniinc (/3- 


1 Phenamylamine (<-phenyl- 

115 

phcnylpropylaminc) 

' i 

i amylaminc) 


Phcnctliylmcthylaminc 

1 91 

Phcncthvlethylaminc 

23 

Phcncthyklimclhylaminc 

1 32 

Phenclhyklictliylamino 

0 

Phcncthyltrimctliylammoniiim 

1 0 

1 Plicnctiiyltricthylammonium 

0 

Phcnclhylbcnzjdaminc 1 

0 

! Di-(phcncthyl)aminc 

0 

/3-HycIroxyplicnctliylaminc j 

22 

S-Methoxyphencthj’laminc 

0 

(phcnctlianolaminc) ' 

i i 

! 


j8-Kctophcncthylaminc (u- | 

IS 1 

(S-EthoxyplicncUiylamino 

0 

aminoacctophcnonc) j 

: i 

1 1 




of this general type was hordenine methochloridc (11). The results arc 
shown in Table IV. 

Phenylaliphalic Amines -4s (Sats/ra/cs— Several compounds of the series 
of phcnylalkyl primaiy carbinamines hat'c been studied bv others under 
various but imrelatablc conditions and found to bo callable of being oxidized 
by liver and some other tissue extracts (1, 4, 7, 11, 12). It was desirable 
to extend the series of co-phenylalkylamines studied and to include certain 
derived types, particularly those that have interest because of their con- 
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siderable physiological activity. The test system was as described for the 
aliphatic amines and the results (Table V) are therefore placed on a com- 
parable quantitative basis vith the data on those compounds as well as 
with each other. 

Series of secondary carbinamines were studied in which an a-alkyl, 
a-phenyl, or or-phenalkyl group was introduced into the molecule of one 
of the phenylalkyl primary^ carbinamines listed in Table V. The condi- 
tions of testing were identical vith those used for these latter compounds, 
but in no case was there any oxj'gen uptake with the following compounds. 


a-Methylphenmethylamine (a-phenyl- 
ethylamine) 

ct-Methylphenethylamine (phenisopro- 
pylamine) 

a-Methylphenpropylamine 

a-Methylphenbutylamine 
a-Methylphenamylamine 
a,/5-Dimethylphenethylamine (S-methyl- 
pheniBoprop3'lamine) 
a-Methj'lpbenethj’lmethj'lamine (phen- 
isopropj’lmetbylamine) 
dl,M-^-Hydrox}'pbeni6opropylamine 
(Di-norepbedrine) 

d!,Id-^-Hj-drox 5 ’pbenisopropj’lmetbyl- 
amine (DL-ephedrine) 


a-Etbylphenmetbylamine (a-pbenyl- 
propylamine) 

a-Phenylphenmetbylamine (benzby- 
drylamine) 

nr-Etbylpbenetbj’lamine (benzyletbyl- 
carbinamine) 
«-Propylpbenetbylamine 
a-Isopropj’lphenetbylamine 
or-Benzylphenethylamine (dibenzylcar- 
binamine) 

a-Methylphenetbyletbylamine (pben- 
isopropylethylamine) 
dd.H-P-Hj’droxj’phenisopropylamine 
(Dh-norpseudocpbedrine; 
dd,//-p-Hydroxypbenisopropylmetbyl- 
amine (Di-pseudoepbedrine) 


Two tertiary carbinamines were studied in which two a-methyl groups 
had been introduced into a couple of the phenylalkyl primary carbin- 
amines previously tested. Testing of these following compounds under 
the same conditions did not result in any oxygen uptake: a,a-dimethyl- 
phenethylamine, a , a-dimethyl'/S-hydro.xj’^phenethylamine. 

Ring-Suhslituted Phenylaliphatic Amines As Substrates — ^The ring-sub- 
stituted phenethylamines, particularly the phenolic derivatives, have spe- 
cial interest from both biochemical and pharmacolopcal view-points. A 
few compounds of this type were tested as to their o.xidizabilit 5 ' by extracts 
of guinea pig intestine or liver by Blaschko, Richter, and Schlossmann (4). 
Certain other compounds were later studied (11, 12), but a more sj’^stem- 
atic study ndth better quantitati-ve data was needed for any general con- 
clusions as to the effect of any particular type of ring substituent. The 
effect of the different position of substituents in the ring -was also given 
particular attention. Test conditions were the same as those used for the 
phenylaliphatic amines. The results are presented in Table VI. 

Secondarj’' carbinamines that are a-methyl derivatives of a number of 
the compounds hsted in Table AT w'ere studied to see whether such type 
compounds, as in the ahphatic and phenylahphatic series, withstand the 
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amine oxidase aetiviiy under <lie .standard (c.sf condition.s employed. The 
following were studied, and all were comidetcly tinoxidizcd by rabbit liver 
amine oxidase. 


3- Ily(lroxyplicni8opropyl(iininc 

4- IIy<lroxypliC'nisopropyInminc (pnre- 
drino) 

3- MoUioxyphcnisopropylnminc 

4- Motlioxyplionisopropylaminc (O- 
inothylparcdrino) 

3,‘l-Diinctho.\yphcnisopropyl(itninc 

3,‘1-MclliylcncdioxyplicnisopropyIftininc 

4-IIydroxyphcniaopropylnictliylnininc 
(N-niclliylparcdrinc, pnrcdrinul) 


3-MctIiyIplirniFopropylnminc 

•l-Mrtliylplioiiifiopropylnmine 

S-Mrt lioxy-1 -liydroxyplicnisopropyl- 
niiiiiic 

3-IIydro.'ty-l-rnctlioxyplicni.‘!opropyl- 

jiniiiic 

3.4- DiIiydroxypht;ni.'iopropylftminc (tiy- 
<lroxyiiarcdrinc) 

3,4,5-'J'riirictlioxyplicnisopropylnminc 

(rt-mrtlo’lmc.annline) 

3.4- nihydroxyphpni.FopropyImctliyI- 
nininc 


Enzyme Constants of Amine Oxidase and Amines — The velocity of the 
oxidation of the aminos with amine oxidase can be expected to follow the 
well known equation set up b.v Miclmclis and Mcntcn (13) in the form 
V = Fmax. {S)/{K, + (5)), where the velocity v is dependent on the sub- 
strate concentration S and the enzyme-substrate constants K, and Tmax. 
K, is the kinetic dissociation constant of the enzyme-substrate compound 
and y,nnx. its oxidation rate at infinite substrate concentration. In the 
tables, such as Tables II, V, and VI, the relative velocities for the different 
aliphatic and phcnjdaliphatic amines at a constant concentration may be 
expressions of differences cither in K, or I'mox. or both. A number of 
experiments were made to value these two constants separately for certain 
aliphatic and phenylaliphatic tj’pe compounds to indicate to what extent 
they' may independently vary'. 

Substrate concentrations were chosen to make the variation in rate of 
oxy^gen uptake between the different Warburg vessels as great as possible, 
and with concentrations to allow giving a uniform spread for the function 
1/S. The enzy'me concentration used was decreased to half that used in the 
previous experiments with fixed substrate concentration, so that there was 
but about 0.5 enzyme unit per 2.5 ml. of total volume in the vessel. The 
data were plotted to conform to the alternate expression of the rate equa- 
tion offered by'^ Lineweaver and Burk (14) in the form 1/v = /v,/Fmai. 
(S) -b 1/Fmnx. where a graph of 1/v against 1/5 intercepts the 1/v axis 
at 1/F.nnx. and has the slope A./Fninx. The value of 1/K, is readily 
obtained from such a graph as the 1/5 value corresponding to half maxi- 
mum velocity, which is at 2/Vmax. on the graph, and is indicated in Fig. 3 
with light lines, v represents the oxy^gen uptake per 15 minutes in Fig. 3. 

The scattering of points is assumed to be due to experimental errors, 
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Table VI 

Maximum Oxidation Rates (Per Cent) Relative to Phenethylamine 
At 30° mth 0.008 M amine substrates in 0.1 M phosphate, pH 7.0. 


2-Hydroxyphenethylamine 

43 

2-Methylphenethylamine 

87 

3-Hydroxj’phenethylamine 

82 

3-Methylphenethylamine 

68 

4-Hydroxyphenethylamine 

(tyramine) 

80 

4-Methylphenethylamine 

87 

2-Methoxyphenethylamine 

100 

3,4-Dihydroxyphenethylamine 

(hydroxytyramine) 

68 

3-Methoxyphenethylamine 

98 

3-Methoxy-4-hydroxyphen- 
ethylamine (homovanillyl- 
amine) 

22 

4-Methoxyphenethylamine (0- 
methyltyramine) 

1 88 

3-Hydroxy -4-methoxyphen- 
ethylamine 

76 

3 , 4-Dimethoxyphenethylamine 

41 

3-Methoxy-4,S-methylenedi- 

oxyphenethylamine 

72 

3,4-Methylenedioxyphenethyl- 

amine 

78 

3,4,5-Trimethoxyphenethyl- 

amine 

0 

4-Hydroxyphenethylmethyl - 
amine (N -methyl tyramine) 

70 

1 

3,4-Dihydroxyphenethyl- j 

methylamine (epinine) | 

45 

4-Hydroxyphenethyldimethyl- 
amine (hoidenine) 

25 

3,4,5-Trimethoxyphenethyl- 
methylamine (N-methyl- 
mescaline) 

0 

4-Hydroxyphenethanolmethyl- 
amine (synephrine) 

24 

3,4-Dihydroxyphenetbanol- 

methylamineCdl-epinephrine) 

10 

j3-Keto-4-hydroxyphenethyl- 
mcthylamine (synephrine 
ketone) 

8 

d-Keto-3,4-dihydroxyphen- 
ethylmethylamine (adrena- 
lone) 

5 

1 




Fig. 3. Reciprocal microliters of oxygen uptake rates against reciprocal molal 
substrate concentrations at 30° with 2.0 ml. of purified rabbit liver amine oxidase in 
0.2 M phosphate buffer, pH 7.0, made up with amine salt solution to a total volume 
of 2.5 ml. A, Curve 1 amylamine. Curve 2 hexylamine, Curve 3 heptylamine, Curve 
i octylamine; B, Curve 1 phenethylamine. Curve 2 phenpropylamine, Curve 3 phen- 
butylamine. Curve 4 phenamylamine. 
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nnd not to nny non-conforinit}* to llic rate equations. In Table VII arc 
presented enzyme constants obtained from (lie data .sliown in Fig. 3 and 
similar data for certain otber .substrates, all determined ivitb a single 
cnz 3 ’mc jireparation. 

Tlie variance in these values is indicated bj- tlic finding in later experi- 
ments, ■which were carried out. with another enzyme preparation made by 
the same method but from another rabbit liver, of l/Fm.x. and 1/A', 
values for phcncthylaminc of 0.027 and ISOO, and for phcnethylmcthyl- 
aminc of 0.025 and 3000. In another experiment, the values for phen- 
cthj'laminc were 0.025 and 1300, and in another with 4-hydro.\yphcnethyl- 
aminc, the values were 0.031 nnd 720. 

T.\iii.i; VII 


Conatants for lUmi/mr-Suhstratc Compounds 


Substrate 

1 

k7 

1 

K, 

^ inai. 




if 

nicrclilert (h 
ftr 15 nin. 

Amylamino 

1.320 

0.021 1 

o.ooos 

42 

Hcxylnminc 

1000 i 

0.017 

0.0010 

59 

Hoptylnmino 


0.011 1 

0.0013 

90 

Ootylnmino 


mSSm 

0.0021 

110 

Phcncthylaminc 

1550 


O.OOOCl 

45 

Phcnpropylnminc 

CIO 


O.OOIC 

63 

Phcnbutylnminc 

320 

0.010 

0.0031 

100 

Phcnamylnminc 

200 

o.oos 

0.0050 

120 

Phcncthylaminc 

1600 

0.022 

0.000G2 

45 

Phencthylracthylaminc 

3S00 

0.02G 

0.00026 

38 

4-Hydroxyphcncthylamino 

070 

0.03G 

0.0015 

28 

3,4-Dihydroxyphoncthylamino.. 

350 

0.014 

0.0029 

23 


DISCUSSION 

The considerable species variance that is notable from the data of pre- 
vious workers and those here presented make it questionable that amine 
oxidase preparations from various sources may' be viewed ns but a single 
enzyme. For the present it seems best to keep in mind particular results 
as being those found under the set of the given experimental 'conditions. 
The way that the maximum of activity varies in a particular homologous 
series with enzyme from different sources is very' marked, and may' be 
taken as good evidence of there being different enzymes present. The 
relatively marked activity' of preparations of guinea pig liver upon phenolic 
and diphenolic amines also would appear to indicate a special character 
in such respect for the species. That such special characters are a function 
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of the enzyme itself, rather than due to associated impurities, is indicated 
by the retention of the relative specificities of rabbit and cattle liver 
extracts as they are subjected to purification procedures. 

WTiile the data given in Tables II through VI show what the relation- 
ships of substrate to activity are for the particular set of experimental 
conditions, the extent to which such data can be taken to indicate expected 
relationships under other conditions is limited. As shown by the data 
of Fig. 2, even in a series of compounds ha\nng constant dissociation con- 
stants, marked variations in activitj' with pH are seen, and relative activi- 
ties among a series of compounds are dependent upon the pH of interest. 

With regard to relationships between structure and oxidizability by 
amine oxidase, the differences between primarj', secondarj'-, or tertiary 
carbinamines were most clearlj'- brought out and are of greatest interest 
because of the importance of this difference in structure for chemical 
reactivity of the C — N bond. The more expected differences between 
primary, secondary, and tertiaiy amines were found to be quite highly 
dependent upon the structure of the rest of the molecule, and difficult to 
cover with comprehensive rules. The effect of various substituents in 
the benzene ring or the side chain of phenethylamines is marked in most 
cases. The decreased oxidizability of hydroxy and N-methyl compounds 
is of most interest in connection vith their physiological activities. 

It should be noted from the data of Table VII that in both aliphatic 
and phenylaliphatic amines K, and Vm«. both increase with chain length 
of the radical attached to the amino group. The trend of variation of both 
constants with increasing number of carbon atoms in a homologous series 
tends to keep the observed rates of oxidation in the series relatively con- 
stant when compared at a given substrate concentration. If the rates 
were determined at relatively high substrate concentrations (correspond- 
ing to velocities 4/5 of Vmai. of the highest Fmai. of the series), the variation 
in velocity would be primarily dependent on the variation in Vmsi. 
and independent of K,. Under such conditions an increase in the velocity 
of oxidation would be observed through the series of substrates rather 
than the passing through a maximum effect in the series as is seen in the 
experiments of Tables II and V. 

The relative velocity of oxidation of these various substrates by amine 
oxidase by preparations from a liver of a single species is therefore not 
only dependent on the pH of the determinations, but also on the particular 
concentration of substrate at which the determination is made. Together, 
these various factors make it impossible to use oxidation velocities of a 
series of amines under particular conditions as an exact basis for prediction 
of relative rates under other conditions of pH and concentration. 

Some calculations may be made with respect to the likelihood that amine 
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oxidase jdays a pli 3 ’sioIogical r61c in the inactivation of certain types of 
amines in the bod.v. B.v va.v of example, consider the oxidation rate of 
tyramine in a concentration of ]0~* M with an enzyme concentration of 
about 0.2 enzyme unit per ml. Substitution in the rate eciuation v = Bmii. 
(S)/(K, + (>S')) of 10“^ for .S' and the valtie.s of and K, for tyramine 
given in Table ATI gives r about 0.2 microliter of 0; per minute, or about 
10“® mole of 0; jier minute. On the basi.s that ph^v.siological inactivation 
would occur with an uptake of 1 mole of Oj per mole, 10“* mole of tyramine 
would require about. 100 minutes to be inactivated with an enzyme con- 
centration of 0.2 cnz\’mo unit per ml. Such conditions and amounts of 
tj'ramine would be approximated in the blood stream of an experimental 
animal immediatelj' following the intravenous injection of 10“* mole per 
kilo (O.IS mg. per kilo of hydrochloride) of tymmine. The studies of 
Clark and Raventos (15) on the relationship between dosage and duration 
of phj’siological action of t\-ramine in cats and man showed that a dosage 
of 10~® mole per kilo is inactivated in 20 minutes. The liver of the cat 
contains somewhat more cnzj-mc than that of the rabbit, as shown in 
Table I, and the over-all concentration in rabbit liver is about 5 enzyme 
units per gm. Under conditions in vivo, the temperature is higher and 
the pH is somewhat more optimum for the enzyme-tyramine oxidation, 
according to Hare (1). There is consequentl.v a fair agreement between 
data m vitro and in vivo, indicating that indeed the biochemical enzyme 
studies of amino oxidase ma\' be expected to add much to the physiological 
perfusion studies of Ewins and LaidlaAv (IG), and of Guggenheim and Lof- 
fler (17) on the destruction of this type of compound in the bodj'. 

In passing, it should be pointed out that, although wo have not been 
able to determine the enzj’me constants with epinephrine and must leave 
our studies, it is probable that there will not be a close correspondence 
of data in vitro and in vivo with this compound. Our obseiwations do show 
that Vm^x./K, is much lower for this compound than for tyramine, while 
the in vivo data of Clark and Raventos (15) show it to be much more 
rapidlj-^ oxidized than tyramine in the bod}’. Such considerations are in 
accord with the studies of Richter and Tingey (IS) and are more directly 
confirmed by the establishment of another detoxification pathway for 
diphenolic amines by Richter (19) and later by Richter and Macintosh (20). 
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In their studies of the oxidation of adrenalin and other amines by amine 
oxidase preparations, Blaschko, Richter, and Schlossmann (1) found that 
1-ephedrine, triethylamine, triisoamylamine, and dH-hydroxy-2-hydrin- 
deneamine are not only not oxidized, but inhibit the action of the enzyme 
upon isoamylamine. The conclusion was drawn that this inhibition was of 
the competitive type, because some data were available which indicated a 
dependence of degree of inhibition upon the concentration of both enzyme 
and substrate. Natural 1-ephedrine and the related compounds, suprifen 
and veritol, were later reported by Blaschko (2) to inhibit amine oxidase 
in its action upon Z-sympathol. Some further extension of such studies to 
include benzedrine, and the finding that this compound and veritol are 
stronger inhibitors of amine oxidase than are ephedrine isomers in the par- 
ticular system studied, led Blaschko (3) to conclude there was agreement 
between the inhibiting effects in vitro on amine oxidase and their awaken- 
ing properties in animals which are pharmacological effects upon the central 
nervous system. 

Previous to this, Gaddum and Kwiatkowski (4) had advanced the theory 
that ephedrine action in animals was due to its inhibition of adrenalin oxi- 
dation by amine oxidase in the body. This was based on demonstration 
that in the perfused rabbit ear, sympathetic stimulation liberated a sub- 
stance indistinguishable from adrenalin, and that this substance like adren- 
alin is increased in certain of its physiological activities by addition of 
ephedrine. The study by Richter and Tingey (5) of the kinetics of the rate 
of inactivation of adrenalin by amine oxidase and the degree of inhibition 
of this o.xidation by ephedrine permitted calculations which did not support 
the view that amine oxidase is specificalR concerned in the inactivation of 
adrenalin in the body. Further evidence obtained by Richter (6) and 
Richter and Macintosh (7) from their isolation of some of the metabolic 
products excreted in the urine after administration of adrenalin and other 
o-diphenolic pressor amines makes it quite certain that adrenalin is not 
considerably acted on by amine oxidase in passing through the body, 

* Present address, Institute of Pathology, Western Pennsylvania Hospital, 
Pittsburgh, Pennsylvania. 
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Thus, jiKhough iit the present time it nppenrs clear that amine oxidase 
oxidation of adrenalin, or other o-diphonolic pressor amines such ns were 
studied by llichter (O), does not play n significant physiological role, it is 
equally clear that the inactivation of aliphatic amines, phcncthylnmineand 
probably •t-hydroxyidicnethylamine (tyraininc), does predominantly take 
place by amine oxidase oxidation. In view of the evidence from the experi- 
ments of Ewins and Laidlaw (8) and a later study by Guggenheim and 
Loflicr (9), such amine oxidations chiefly occur in the liver. In the present 
studies, an attempt was made to value quantitatively the inhibition of some 
of these iKirticular type compounds by certain tyj)cs of amines which are 
not themselves oxidized by the enzyme system (sec Allcs and Ilccgaard 
( 10 )). 

EXI’EHIMENTAt. 

Purified amine oxidase preparations from rabbit liver were used through- 
out the iircsent work. They were prepared as described bj* Allcs and 
Heegaard (10) and experiment.s in which there was any considerable uptake 
of oxygen by the control alone were discarded along with that particular 
enzyme preparation. The hydrogen ion activity was maintained uni- 
formly at pll 7.0 in all experiments, though it is expected that there can be 
obsen'cd a relation between pH and degree of inhibition. Such relation 
will probably have a considerable variation even among closely related 
series of compounds, just as the variation in amine oxidase activity with pH 
depends on the particular substrate acted upon, as shown by our studies 
( 10 ). 

It was most desirable to obtain data indicating inhibitor effects with a 
considerable number of comjmunds of different types, and then to make a 
critical study with a particular inhibitor and various substrate types to de- 
termine whether such inhibition was competitive. 

The term observed activity in any experiment refers to the maximum 
rate of oxj'gen uptake. This often occurs only during the first few obser- 
vations of any experiment, particularly with aliphatic amine substrates, 
and is determined as the tangent to the initial part of the plotted cun'e of 
observed oxygen uptakes. Such valuation of rate minimizes the effects of 
uncontrolled inhibiting variables that enter into rate valuations dependent 
upon a single observation made after some considerable time. 

Aliphatic Amines As Inhibitors of Aliphatic Amine Substrates — Experi- 
mentsw'ere made to value the relative inhibiting effects of a series of second- 
ary carbinamincs. The oxidation S 3 'stem consisted of 2.0 ml. of purified 
amine oxidase preparation in 0.1 m phosphate buffer of pH 7.0, to which 
w'ere added 0.1 ml. of 0.1 m amylamine as a neutral solution of its sulfate 
and 0.4 ml. of variable concentrations of inhibitor amine sulfate or chloride 
in neutral solution. The final concentration of amjdamine in the mixture 
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was 0.004 M, and the concentrations of inhibiting amines were 0.004, 0.008, 
0.012, and 0.016 m, giving the inhibitor-amylamine ratios presented in 
Table I. The oxygen uptake at 30° was followed with the Warburg appara- 
tus and calculated to per cent of the uptake of the control sample with sub- 
strate but without any inhibitor. 

The inhibiting effect in this series of data was clearly at a maximum with 
a-methylamylamine . In further experiments , in which the ratio of a-meth- 
ylethylamine was 4:1, no inhibition was observed. a-Methyloctylamine 
and a-me thylnonylamine were found tobe less active inhibitors than a-methyl- 


TABtB I 

Inhibitor-Amylamine Ratios 

In per cent of Oj uptake, based on the rate without inhibitor. 


Inhibitor 

Amylamine 

0 

1:1 

1 

D 

3:1 

4:i 

o-Methylpropylamine (scc-butyl- 
amine) 

100 

101 

98 

92 

88 

o-Methylbutylamine (scc-amyl- 
amine) 

100 

86 

74 

64 

55 

a-Methylamylamine | 

100 

73 

62 

38 

36 

a-Methylhexylamine j 

100 

90 

73 

53 

42 

a-Methylheptylamine 

100 

93 

79 

60 

49 


Table II 

Effect of a-Methylbulylamine As Inhibitor 
In per cent of Oj uptake, based on the rate without inhibitor. 


«-McthylbutyUmiae 

Substrate 

0 

1:1 

2:1 

3:1 

4:1 

Butylamine 

100 


38 

34 

25 

Amylamine 

100 


74 

64 

55 

Hexylamine 

100 

91 

84 

83 

79 

Heptylamine 

100 

96 

93 

92 

70 


heptylamine. To cover a variance in substrate, a-methylbutylaraine was 
studied as an inhibitor of several primaiy carbinamine substrates of 0.004 m 
final concentration in the oxidation system. The results are shown in 
Table II. 

A series of tertiary carbinamines was studied under similar conditions as 
inhibitors of the primary carbinamine, butylamine. There appeared to be 
an increased inhibitor effect with larger molecular size. The results ob- 
tained with 4:1 inhibitor-substrate were as follows: a, a-dimethylethyl- 
amine (fcrf-butylamine) 100, a, a-diraethylpropylamine (/erf-amylamine)91. 
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a, a-(limot.Iiylbutylaniinc 8*1, rt-dimcUiylninylnminn Gl, «, a-dimcthyl- 
hcxylainiiic '15. 

Alllioiigli Jilascliko (11) notod, uiulcr lii.s conditions of study, that ca- 
davcrinc did not act ns an inliibitor to the enzymic oxidation of amylaminc 
or syncplirinc, observations vero extended to include other aliphatic dia- 
mines. Witli 0.001 M amylaminc as .substrate and a -I:! ratio of the 
w-alkjdcncdiamincs, there was no exhibition of any notable inliil)itor effect 
vitli tctrametliylcne-, iientamethylene-, hexametliylene-, heptamclhylcne-, 
and octamctliylenediamine. 

Another type of comi)nimd was of interest l)ecansc of its relatively com- 
plete ionization in water solution. The alkyltrimcthylammoniums were 
found not to be oxidizofl by amine oxidase in our earlier work (10). ^^ith 
0.001 M aimdaminc as substrate and a -1:1 ratio of butyl-, amyl-, hexyl-. 


T.miu: III 

Ejjccl of cfMcthiiIphniaU:ylarnitie.i -Is Inhibitor 
In per cent of 0* uptake, tiascd on the rate, ^vitlloul inhiliUor. 


Inbihtlof 

Amylaminc 

0 

■91 

1 

4:1 

o-Mothylphcnmctliylamino (n-phcnylctliyl- 
aminc) 

100 

72 

20 

a-Mcthylphcncthylmninc (plicni.'opropyl- j 
amino) 

100 

SO 

•14 

a-Mctliylphcnpropylaminc 

100 

70 

20 

a-Mcthylplionbutylaminc 

100 

S7 


a-Mctbylpbenamylaminc 

100 

90 



or heptyltrimcthylammonium, no considerable inhibitor effect was ob- 
served. 

Phcnylaliphatic Amines As Inhibitors of Amine Substrates — \Miile 
Blaschko (3) found that benzedrine (phenisopropjdamine) and certain of its 
derivatives acted as inhibitors of amine o.xidase under particular e.xperimen- 
tal conditions, his findings offered only meager experimental evidence for 
the generalization that inhibitor effect is a property of sccondarj" carbina- 
mines.- A series of a-methylphcnalkjdamines was studied by us for their 
inhibitoiy effect on the oxidation of amylaminc. The concentration of 
amylamine was 0.004 m, and other conditions were the same as in the studies 
of aliphatic amines as inhibitors (see Table III). 

The inhibiting effect of certain types of derivatives of a-methylphen- 
ethylamine is of considerable interest because of possible relation to their 
phjmiological actions. A number of such derivatives (Table IV) were 
tested with amylamine as the substrate at 0.004 m and an inhibit or- 
amylamine ratio of 4:1. 
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Owing to a lack of time to complete more extensive studies, tke observa- 
tions of inhibition by secondary phenylaliphatio amines were extended to 
different amine substrates only with a-methylphenethylamine itself. Our 
previous determinations (10) of the kinetic dissociation constants of the 
enzyme-substrate complex of rabbit liver amine oxidase with aliphatic and 
phenylaliphatic amines indicated that these two types of compounds did 
not differ notably in their enzyme-substrate constants. Consequently, it 
was expected that any inhibitor would exhibit about the same degree of 
inhibition on these two types of substrates. Dissociation constants K, for 
enzyme-tyramine and enzyme-hydroxytyramine had been found to be 


Table IV 

Effect of Methylphenethylamines As Inhibitor 
In per cent of O, uptake, based on the rate without inhibitor. 


Inhibitor 

AznyUmine 

i 

1 

Inhibitor 

Amylamine 

i 4:1 

i 

a-Methylpbenetbylmethylamine 

48 i 

j a-Methyl-3-hydroxyphenethyl- 

65 

a-Metbylpbenethylethylamine 

39 1 

amine 


a-Methylphenethyldimethyl- 

41 ' 

a-Methyl-4-hydroxyphenethyI- 

' 75 

anune 

1 

amine 


a , p-Dimethylphene thylamine 

71 ' 

o-Methyl-4-hydroxyphenetbyl- 

95 

o-MetUyl-0-hydroxyphenethyl- 

97 1 

methylamine 


amine (DL-norephedrine) 

1 

a-Methyl-4-methylphenethyl- 

60 

a-Methyl-^-hydroxyphenethyl- 

99 • 

amine 


amine {DZ/-norpaeudoephed- 

i 

a-Methyl-4-methoxi'phenethyl- 

1 64 

fine) 

1 

amine 

i 

a-Metbyl-P-hydroxypbenethyl- 

79 1 

o-Methyl-3,4-dihydroxj’pheii- 

92 

methylamine (Dlrephedrine) 

i 

ethylamine 


a-Methyl-j3-hydroxyphenethyl- 

85 

o-Methyl-3,4-dimethoxyphen- : 

67 

methylamine (Dh-pseudo- 

1 

ethylatmne 


epbedrine) 

i 

a-Metbyl-3,4-methylenBdioxy- i 

60 

a , a-Dimethylpbenethylamine 

42 1 

phenethylamine ] 


a,a-Dimethyl-p-hydroxyphen- 

79 

a-Methyl-3 ,4, 5-trimethoxy- 

80 

etbylaimne 

i 

phenethylamine ! 



notably greater, and it was expected that these two amines would be more 
readily inhibited than either an aliphatic or phenylaliphatic amine. Simul- 
taneous observations of the foiu: types of amines in 0.004 it substrate con- 
centrations alone and in the presence of a-methylphenethylamine (pheniso- 
propylamine) gave the results shown in Table V. 

The particular differences found in the effect with phenisopropylamine 
added to these different substrates were surprising, and some further studies 
were made to determine whether indeed competitive inhibition could be 
observed with phenisopropylamine and these different substrates. 

Phenisopropylamine Inhibition of Amine Oxidase and Amines — ^Enzyme 
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properties arc dcferminerl oliiefly hy means of kinetie stiiflics. Competi- 
tive inhibition may he dislinRiiished from other typos j)riniarily hy con- 
forming in its kinetics to the rate eqnalions derivai)ie from tiic ocinilibrium 
-k iS -1- / ES (active) + El (inactive) where E represents the enzyme, 
S the substrate, and I the inhibitor. In this simplest case, the rate rela- 
tions can be represented in ll>o reciprocal form by 



as given by Linewcaver and Burk (12). Here i’ is the reaction rate, 
the rate at infinitely liigli .substrate concentration, S and I the molal 
concentrations of substrate and inhibitor, wliilc K, and A',- arc the kinetic 
dissociation constants of tlic enzyme-.substrate and enzyme-inhibitor 
compounds. 


TAnim V 

Effect of Phcnisopropylamine ./ts Inhibitor 
In per cent of O, uptake, baaed on the rate witlioiil inliibitor. 


rhcnisopropylamine i 

Substrate j 

0 

4:1 

16:1 

Amylamine 

100 

45 


Phenethylamine ; 

100 

113 


4-HydroxyphonothyIaniine (tyr.iminc) 

3,4-Dihydroxyphenethylnmine (hydroxy- 

100 

20 

11 

tyramine) 

100 

20 

13 


Data were obtained to value the constants by choosing substrate con- 
centrations as in the kinetic studies of our previous work with these same 
substrates (10). The enzyme concentration in the experiments was again 
about 0.5 enz 3 'me unit per 2.5 ml. of total volume. Considerable difficult}' 
was encountered in finding the suitable, but necessarily different, concen- 
trations of phenisopropylamine for working with each substrate to get 
data of sufficient precision. These data Avere plotted as 1/v against 1/S 
so that the 1/v axis intercept is 1/Fn,i«. and the 1/S value of 2/Vm»x. is 
1/K, or 1/{K, -k {K,/Ki)I) in the presence of the inhibitor. From these 
values, which can be read directl}' from the graphs of Fig. 1 , are calculated 
the values of Fmnx., K„ and A,-. 

It is immediately apparent from Fig. 1 that phenisopropylamine is many 
times more aetive an inhibitor with phenethylamine as the substrate than 
Avith amylamine. Similar e.xperiments AA'ere carried at with tyramine and 
hydroxytyramine as the substrates, and the valuations of the enzyme 
constants are given in Table VI. 
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Fig. 1. Reciprocal microliters per 15 minute oxi’gen uptake rates against recipro- 
cal molal substrate concentrations. At 30° with 2.0 ml. of purified rabbit liver 
amine oxidase in 0.2 M phosphate buffer, pH 7.0, made up with amine salt solution 
alone or with inhibitor amine salt to a total volume of 2.5 ml. A, Curves la and 2a, 
amylamine without added inhibitor; Curve lb, amylamine and 0.0020 m pheniso- 
propylamine; Curve 2b, amylamine and 0.0010 m pbenisopropylamine; B, Curves 
la and 2a, phenethylamine without added inhibitor; Curves lb and 2b, phenethyl- 
amine and 0.020 ii pbenisopropylamine. 


Table VI 

Emyme-Subtlrale and Enzyme-Inhibitor Constants 


Substrate used in \-ariable 
coacentration 

Pheniso- 
propyU- 
mine coa- 
centra- 
lion 

1 

Voax. 

1 

K, 


H 

B 

Ki 







micrff- 
















Of Per 








nin. 



Amylamine 


0.023 

1650 


42 

0.00061 


ft 


0.036 


600 

28 


0.0011 

if 


0.023 

1650 


42 

0.00061 




0.023 


780 

42 


0.0009 

Phenethylamine 


0.025 

1360 


40 

0.00074 


** 




950 

33 


0.047 



0.031 

1450 


32 

0.00069 


It 


0.037 


920 

27 


0.033 

4-Hydroxyphenethylamine 


0.031 

720 


32 

0.0014 


If 


0.037 


380 

27 


0.0015 

3 , 4 -Diby droxypbenetbyl- 


0.042 

510 


24 

0.0020 


amine 








If 




230 

19 


0.0033 


Notable in the data of Table IT is the fair agreement between 1/Fni»x. 
values for a given substrate with and without inhibitor, which afiords the 
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simplest test of the eompolitivo nnlure of the iiiliihitory process. Some 
small cli.'uipe.s do occur, hut (hey iipproxiirude (he vari.'itions that occur 
on occasion l)c(\veen difi'ereut experimetds. While (he expcrimcn(s with 
the amylaminc and hydroxylyramine werr; made with hut one enzyme 
preparation, (lu! experiment.s with phcnethylaiuine were made with two 
different ])repara(ions, and those with tyramine with another. The dif- 
ference in hetween tlu' (wo experiments with tyramine without 

inhihitor simply represents the variance in activity of the enzyme 
preparations. 

Even more notable in these (‘xperiments are the marked variations in 
K{, dei)endent upon the suhstrate competed with. While phcni-sopropyl- 
amine is onc-third to one-fourth as active an iidiihitor for tyramine and 
hydroxytyraminc as for amylamine, it is only one-thirtieth to one-fortieth 
as active for phenethylaminc inhil)ition. 

ni.scim.sioN 

While the data given with regard to the itdiihition of amine oxidase 
oxidation of amylamine as a suhstrate in fixed concentration do show a 
large number of compounds to act as inhihitoi-s, (he extent to which such 
data can be taken to indicate expected relationships under other conditions 
is limited. This is probably particularly so if other substrates arc to be 
considered by analogy to amylaminc. 

With regard to relationships between structure and inhibition of amine 
oxidase upon a single substrate, the .‘■■ccondan’ and tertiarj’ carbinamincs 
arc verj' generally inhibitors. The molecular size of the alkyl and phcnyl- 
alkjd secondary carbinamincs would seem to have some specificity with 
regard to the inhibitor ctTcct, with a-mcthylamylaminc and a-mcthyl- 
phenylpropj’lamine aiipcaring to be .slightly the most active in their respec- 
tive scries. The generally decreased inhibitor activity of hydroxy deriva- 
tives in the side chain or ring of phcncthylaminos is of most interest in 
connection with their physiological activities. 

The great ditTercnccs in the inhibitor efTcct of phcnisoprop 3 'lamine when 
kinetieallj" valued against jmrticular tj'pc substrates show that, while the 
inhibition e.xhibited ma.y bo an equilibrium situation, it is inadequate!}’ 
oonsidered as an equilibrium only involving -f 5 + 7 EiS + El, or 
it may be that the limiting rate of the reaction is not only the oxidation 
rate of ES, but also that rates of other reactions arc slower than, or com- 
parable to, such oxidation rate. With regard to the equilibrium compo- 
nents, it must be remembered that there are some qualitative rate obser- 
vations with extracts of liver and other organs of various species that seem 
to be most easily explained by assuming the presence of several types of 
amine oxidase enzymes. 
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The set-up of rate equations for the combination oi E + S ES, to- 
gether with the dissociation of ES —^E + S and the conversion of ES — »• 
E + R (the oxidized product) for the analj^sis of all possible rates control- 
ling the kinetics of reaction between enzyme and substrate, has been 
carried out by Haldane (13). Such anal 3 'sis could be extended in the 
present case to include E -f- I El and El E + I as independent 
rates. By extending rate observations in a systematic waj^ with variance 
of enzyme, substrate, and inhibitor concentrations independent^, such 
an analysis might be permitted to be made, butwe must leave this problem 
for others. 

The increase in oxidation rate observed when 4:1 and 16:1 ratios of 
phenisopropylamine were used with 0.004 m phenethylamine as substrate 
appears to be a real effect. It has been noted with certain other secondary 
carbinamines under some substrate concentrations and particular secondary 
carbinamine-substrate ratios. The phenomenon has not been investi- 
gated, but may be related to the obsenmtions of Mann and Quastel (14) 
who found in brain oxidations with particular substrates that the binding 
of produced aldehydes by phenisopropylamine caused an over-all increase 
in oxidation rate. It may be that this effect most notablj’ enters into the 
lowered inhibitor activity of phenisopropylamine upon phenethylamine 
as the substrate. 
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The oxidative destruction of the carcinogen, N,N-dimethylaminoazo- 
benzene, commonly called butter yellow, has been observed in a synthetic 
ration containing linoleic acid (1). This destruction, which takes place 
presumably through the action of peroxides or some intermediate oxides of 
the unsaturated fatty acid, may be prevented by the addition of brown 
(unpolished) rice to the diet mixture. White (polished) rice e.xhibits anti- 
oxygenic activity to a lesser degree than does brown rice, a fact which sug- 
gests that the antioxidant is concentrated in the rice bran. Demonstration 
of the presence of an antioxidant in an aqueous extract of rice bran, a com- 
mercial preparation of the B complex, prompted the present study concern- 
ing other sources of the B vitamins, in addition to each of the B vitamins 
for antioxygenic activity. 


EXPERIMENTAL 

The decolorization of butter yellow by linoleic acid in the presence of air 
is a surface phenomenon; it does not take place in the homogeneous solution 
of the dye in oil (1). For this reason the bleaching reactions were studied 
in rations consisting of 8.4 gm. of com-starch and 1.6 gm. of butter j^ellow- 
hnoleic acid* mixture. Butter yellow was present in the mixture inthe 
amount of 0.6 mg. per gm. of the ration. The material to be tested for 
antioxidant activity was mixed into the ration either as a solution or in the 
dry state. The oxidation was permitted to take place at room temperature 
for 21 days. At various intervals 1.5 gm. of the ration were ivithdrawn and 
extracted with 25 cc. of chloroform. The decrease in color of the chloro- 
form extract, determined with the Klett-Summerson photoelectric colorim- 
eter (blue filter. No. 42), gave a measure of the destruction of the butter 
yellow. The accompanying oxidation of the fatty acid was followed by the 
decrease in iodine number, as determined by the method of Hanus (2). 
The results obtained with the above method were checked qualitatively 
with an accelerated oxidation at 50° for 16 hours. 

* S. M. A. Corporation Fellow. 

' ‘Linoleic acid, refined light,” from the Glyco Products Company, Inc., 
Brooklyn, New York. The iodine number of the different lots varied from 126 to 140. 
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Coinpnn'soii of Fire fjinolrir Arid U'ilh Its Kstnr in Destruction of liidtcr 
Yelloie --]n an oarlicr study involviiip t!u^ production of malignant hep- 
atoma in rats hy feeding butler yellow (1) it was observed that the bright 
yellow color of the died containing linoleic acid and butler yellow faded 
almost completely in -1 days even at room lemiierature. In contrast to this, 
a diet wliieh contained an e(|nivalenl amount of nnsaturalcd fat in the form 
of lard retained its color for over a period of several months. Tlicsc find- 
ings seem to indicate that llu' free acid has greater destructive effect on the 
dye than have its esier.s. 'J'lus assumiilion was contirmed by using purified 
samples of linoleic acid and methyl linolale.' in the diet mixtures. In a 21 
day exiieriment at room temperature the iodine number of the linoleic acid 
(originally ISO) had dropped to 07 .1 by the 5th day with an 85 per cent 
destnietion of the butler yellow. In the ease of the methyl linolatc (I- No. 
171.9) the iodine number even at the 8lh day was 150.0 and there was no 
detectable destruction of butter j'cllow. However, at the end of 21 days, 
almost complete destruction of I he dye and oxidation of the fat had occurred 
in both diets. In a diet containing an equal amount of lard there was no 
change in iodine number or butter yellow concentration after 21 days. 

Stahilizhid Effect of Cereal Grains — Cereal flours, particularly oat flour, 
have been suggested as antioxidants for foods which are subject to oxidative 
deterioration (3). The fuuling that the linoleic aeid-hiitter ycllowsystcm 
is stabilized in the iiresencc of brown or white rice led to the comparison 
of the antioxygcnic activity of other cereal grains in this same system. Oats, 
corn, and wheat (ground whole grain being used in each case) were substi- 
tuted for corn-starch in the experimental mixture. At the end of 21 days, 
all three mixtures showed little change in the concentration of the butter 
yellow; namelj", 0.54, 0.57, and 0.52 mg. per gm. of diet in the oat, corn, and 
wheat diet respectively. The iodine number, determined on the wheat 
mixture extract, was 140.8, thus indicating no oxidation of the fatty acid. 
Avenex, a commercial antioxidant i)re])ared from oat flour, also exerted 
complete protection when tested at a 10 jier cent level. At a 5 percent 
level the protection was somewhat less, the concentration of the butter 
yellow at the 21st day being 0.31 mg. per gm. of diet and the iodine number 
100.9. 

Heal Lahitihj of Antioxidants in Cereal Grains — In all c.xperiments re- 
ported in this paper on the effect oflieat on antioxidant activity, the treat- 
ment involved moist heat under pressure; i.e., the test material was thor- 
oughly mixed with water and the resulting suspension autoclaved for hour 

’ Purified samples of linoleic acid and methyl linolatc were kindly furnished by 
J. B. Brown of the Department of Physiological Chemistry, The Ohio State Uni- 
versity, Columbus. 
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at 120°. Unless otherwise stated, the pH of the suspension was neutral. 
The data presented in Table I clearl}' demonstrate the heat inactivation of 
the antio.xidants in brown rice, white rice, and Avenex. 

Antioxidant Activity of Rice Bran Extract, Heat Treatment, and Dialysis — 
The water-soluble nature of the antioxidant of brovm rice became e\ddent 
from experiments in which a crude aqueous extract of rice bran^ w'as used. 
The great activity of such an extract as well as its reaction to heat treat- 
ment is shown in Table II. With the admixture of aqueous rice bran ex- 


Table I 

Heal Lability of Antioxidants in Cereal Grains 




5tfa day 

8th day i 

2Istday 

J 

Diet zniicture 

1 

Butter 

yellow 

pergm. 

diet 

i 

lodiae 

No. 

Butter 1 
yellow 1 
pergm, i 
diet 

Iodine 

No. 

Butter 
yellow 
per gin. 
diet 

Iodine 

No. 



mg. 


mg. 1 


mg. 


1 

(1) 8.4 gm. brou’n rice 4* 1.6 

0.69 



133.7 

0.59 

134.7 


gm. L-BY* 

(2) 8.4 gm. brown rice, auto- 

0.68 

125.9 


125.7 


75.6 


claved -(- 1.6 gm. L-BY 
(3) 8.4 gm. white rice + 1.6 

0.66 

1 

123.8 


125.2 

0.09 

64.7 


gm. L-BY 

(4) 8.4 gm. white rice, auto- 

0.20 

82.8 

0.11 





claved -|- 1.6 gm. L-BY 

1 






2 

(1) 8.4 gm. com-starch -+• 1.6 

0.28 



1 


49.2 


gm. L-BY 

(2) (1) with 1 gm. Avenex 

0.54 


0.44 


im 

125.0 


(3) (1) “ O.S gm. Avenex 

0.49 


0.43 


MSB 

100.9 


(4) (1) •' 0.5 “ 

0.29 


0.11 


KhkI 

50.9 


autoclaved 







3 

(1) 1.0 gm. Avenex 

0.49 


0.34 



134. 5t 


(2) Control 

0.27 j 







* Butter yellow dissolved in linoleic acid so that the final concentration is 0.6 mg. 
per gm. of diet. 

t After 4 months, the butter yellow concentration was 0.24 mg. per gm. of diet; the 
iodine number 129.2. 

tract, linoleic acid and, in further consequence, butter yellow could be pro- 
tected from oxidative decomposition for at least 4 to 5 months, whereas, in 
the absence of any supplementary antio.xidant, autoxidation became very 
noticeable in the short time of 5 to 8 days. Under the experimental condi- 
tions chosen amounts of 0.07 cc. of rice bran extract and even 0.03 cc. have 
shown definite protection up to the 21st day of the e.xperiment. 

When the extract was autoclaved, the pH proved to be an important 

• Kindly obtained from the S. M. A. Corporation, Chagrin Falls, Ohio. 
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factor. Witli neutral or acid pH there waa a loss in antioxidant activity, 
ivliilo autoclaving at pll 10 apiieared to exert a definitely protective effect. 

The fact that aqueou.‘) rice bran extract in capable of del.a 3 -ing the nuto.xi- 
dation of linoleic acid .sugge.atcd that the antioxidant preaent in this aqueous 
extract might be at lea.at partl.v .‘-•oluble in linoleic acid. Upon this suppo.si- 
tion, a .auspen.sion of brown rice in linoleic acid wn.s heated for 15 minutes 
at G0°. After centrifuging, the .stability of the linoleic acid was mca.sured 


Taiii.i: II 

Antioridant Acliviti/ of Hire Ihnn F.zlrncl 


ment 

No. 

RIcc bran extract ftfldfd to l»a<tc dirt* 

i 

Huitt 

ihy 

•ryeUnwfvrfjrn 

8 th day 

1. diet 

21 St day 

Iodine No. 
(list day) 


cc. 

nt. 

rtf. 

nf. 


1 

0.07 

o.r,o 

0.53 

0.57t 



Control (no suiiplcmcnt) 

0 3.3 

0.00 

0.00 


o 

0..33 

o.os 

0.71 , 

0.57 

131. 5t 


0.33 (Autocl.svcd) 


0.40 

0.39§ 



Control 

0.27 

0.12 



3 

0.07 


1 0.00 

0.52 



0.07 (Autoclaved) 


t 0.00 

0.43 

130.4 


0.03 

0 00 

0.00 

0.29 

126.S 


0.01 

0.30 

0.27 

0.07 

51.0 


Control 

0.31 

0.17 

0.07 


4 

0.03 


0.20 

0.09 

1 


0.03 (Autoclaved, pll 3) 

0.30 

0.2S 

O.OS 



0.03 ( " ‘‘ 10) 

0.13 

0.33 

0.10 


5 

0.03 

0.27 


0.11 

53.2 


0.03 (Autoclaved, pll 10) 

0.40 


0.15 

80.3 


Control 

O.H 

1 


O.OS 

49.0 


* 8.4 gm. of corn-starch -p 1.0 gni. of linoleic ncid-buttcr yellow, 
t After 5 months, the butter yellow concent nation wns 0,4S mg. per gm. of diet, 
t After 4 months, the butter yellow concentrntion wns 0.40 mg. per gm. of diet; the 
iodine number 121.5. 

§ After 4 months, the butter yellow concent rnt ion was O.OG mg. per gm. of diet ; the 
iodine number 43.1. 

in the usual manner. This treatment afforded protection from autoxida- 
tion for S daj^s; at this time the concentration of the butter j-ellow was 0.53 
mg. per gm. of diet. From then on the oxidation proceeded rapidly and 
the 21st daj’’ the butter jmllow concentration was 0.07 mg. per gm. and 
the iodine number of the fatty acid 47.8. This finding is in good agreement 
w'ith the previous report (4) on the slight fat solubility of the antioxidants 
occurring in grains. 

Dial 3 'sis of rice bran extract in a cellophane bag against frequent changes 
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of distilled water resulted in a complete loss of antioxygenic activity in the 
dialyzed solution. A quantitative recovery of antioxidant activity from 
the dialysate was accomplished. 

Anlioxidant Aclimly in Other Sources of Vitamin B Complex — The re- 
markably high antio-xidant actmty of aqueous rice bran extract which is 
known to be a rich source of the •i'itamin B complex suggested the study of 
other sources of the vitamin B complex with regard to the presence of anti- 
oxidants. The results of these investigations are summarized in Tables III 
and IV. The data obtained make exident the antioxidant property of 


Table III 

Antioxidant Activity of Bremers’ Yeast 


Erpcrw 

inent 

No. 

Supplement to basic diet 

Butteryellow per pn. diet 





(21st d&y} 



; 

frtg. 

i fng- 


1 

0.5 gm. brewers’ yeast 

0.43 

0.52 

0.43 

129.3* 


0.5 " " " autoclaved 

0.41 

0.37 

0.06 

56.0 


0.5 “ Squibb’s Natuplex B 

0.50 

0.41 

0.39 

126. 8t 


1.0 cc. 30% Natuplex B 

0.43 

0.50 

0.38 

128.8t 


l.O’" 30% " “ autoclaved 

0.43 

0.46 

0.40 

129. 1§ 

2 

0.5 gm. brewers’ yeast 

0.64 


0.55 

131.1 


0.5 “ “ “ autoclaved 

0.61 

i 

0.36 

130.2 


0.5 “ “ " “ 

0.56 


0.21 

108.9 


pH 10 






Control 

0.16 


0.07 

47.4 


* After 4 months, the butter yellorr concentration was 0.28 mg. per gm. of diet; the 
iodine number 121.6. 

t After 4 months, the butter yellow concentration was 0.38 mg. pergm. of diet; the 
iodine number 123.6. 

t After 4 months, the butter yellow concentration was 0.20 mg. pergm. of diet; the 
iodine number 123.0. 

§ After 4 months, the butter yellow concentration was 0.21 mg. per gm. of diet; the 
iodine number 125.7. 


brewers’ yeast, of aqueous extracts of yeast (Natuplex B, Squibb), crude 
extracts of liver, molasses, and milk sugar residue. It is of interest that a 
liver fraction, soluble in 95 per cent alcohol, e.xhibited less antioxidant 
properties than that of crude extracts or of Lederle’s liver fraction (a prepa- 
ration representing a concentrate of the antipemicious anemia factor) 

‘ The liver fraction, soluble in 95 per cent alcohol, and the concentrate of the anti- 
pemicious anemia factor were kindly furnished by Dr. D. Klein of The Wilson Labo- 
ratories, Chicago, and by Dr. Y. Subbarow of the Lederle Laboratories, Inc., Pearl 
River, New York, respectively. 
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Ilipli anlioxidmil potoiiry was found in a purified, but kUH very crude con- 
centrate, of folic acid,' known as tlie norit eluate factor (5). 

Autoclavinp of wliole yeast resulted in definite destriietion of antioxidant 
activity repardless of the ))I1 durinp the heatinp process. Unlike whole 
yeast and rice hran extract, the antioxidant of aqueoti.s yeast extract 
(Natujik'X H) proved to he heat-resistant, at least under existing experi- 
mental conditions. 


■p.Mii.i: JV 

Audoiidaut Activili/ of Sources of H Covtpirr OIhrr Than Hire Ilran Exlracl and 

llrnrcrn' Veaat 




1 Ilultrryrllotrpfrrni.dict I 


r>xpcri‘ 

mcnl 





lodir.t 

Source of W crmplf T arltfcil lo !»ai 5C ilirt 




No. (Usl 

No. 

j .tlhiliy 

Slh {!a>* 

Jilt day 

day) 



i r,,. 

n{. 

nr. 


1 

^ 1.0 ce. \’alentinp'.« crude liver extract 

1 O.fM 

0.4,S 

0.3S 

131.0 


Q (t *t If If 

1 0.4S 

0.13 

0.10 1 

136.0' 


0.01“ “ " « " " 

0.43 

! 0.32 

0.19 

120.2 


Control (no .supplement) 

1 0.27 

0.07 

0.07 

131.3 

o 

1.0 ee. Iicderle’.s crude liver extract 

j o..\s 

0.53 

0.41 


Control 

0.23 

0.10 

O.OC 

43.S 

3 

1.0 ec. Wilson’s purified liver extract (frac- 

0.31 

0.15 

0.11 

51.2 


tion of acpieous liver extract .sohible in 
fi')% alcohol) 

Control 

1 

! 

1 0.31 

i 

0.17 

0.07 


4 

1 .0 cc. solubilized liver extract (norit eluate 

1 

0.53 

0.4S 

132.1 


factor) 

Control 

0.31 

0.2G 

O.OS 

70.5 

5 

0.2 cc. molasses 

1 0.4G 

0.50 

0.35 

120.2 


0.01 “ 

1 0 3S 

' 0.27 

0.06 

52.9 

G 

0.3 gm. milk sugar residue 

( 

I 




Batch 1 

! 0 fir) 

; 0.46 

O.OS 

55.0 


“ 2 

! 0.5G 1 

0.45 

O.OS 

57.4 


Control 

[ 0.29 1 

0.19 

0.07 

52.9 


* After 4 months, tlic but ter yellow concentration wa.s O.OC mg. per gm. of diet; the 
iodine number 47.7. 


SulfoJiamidc Drugs and p-Aminobcnzoic Acid As Anlioxidants — The 
catalytic oxidation of /i-aminobcnzoic acid, pyrogallol, and tyramine by 
peroxidase is inhibited by sulfanilamide (6). The experiments presented 
in Table V are tests carried out with sulfanilamide and sulfaguanidine for 
similar antioxygcnic activity when studied in the absence of aiij' enzyme in 
the linoleic acid-butter yellow system. The possible reversal of the rcac- 

^ Received through the courtesy of Dr. C. A. Elvehjem, University of Wisconsin, 
Madison, 
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tion by p-aminobenzoic acid was also investigated. Whereas onl}' a slight 
antio.Yidant effect was found with the sulfonamide drugs, p-aminobenzoic 
acid at a level of 50 mg. per 10 gm, of the e.\'perimental ration afforded con- 
siderable protection against o.vidation. A sjmergistic effect of either sul- 
fanilamide (0.5 gm.) or sulfaguanidine (0.5 gm.) vdth p-aminobenzoic acid 
(20 mg.) was observed when used in combined doses (E.Yperiment 2, Table 
V). _ 

Antioxidant Activity of Individual B Vitamins — In order to studj' the 
antioxidant activity of all the known B vitamins as a group they were 
added to 10 gm. of the e.xperimental mixture (corn-starch, linoleic acid, and 


Table V 

Anlioxidani Aclivily of Sulfonamide Drugs and p-Amindbenzoic Acid 


Expcfi- 

ment 

Suppleraetit to basic dUt 

Bmteryeliow p«r gin. diet 

Iodine 

No. 

No. 

5th day 



(21st day) 

1 

0.5 gm. sulfaguanidine 

mg. 

i 0.35 

mg. 

0.11 


60.0 


0.5 “ •“ -h SO mg. 



BkIh 

128.2 


p-aminobenzoio acid 

0.6 gm. sulfanilamide 

I 0.54 
0.21 

1 0.48 
0.24 

0.15 

87.2 


0.5 “ “ ■+■ SO mg. 

! 0.58 

0.48 

0.44 

i 132.0 


p-aminobenzoic acid 

Control 

1 

1 

0.12 

I 

0.07 

0.06 


2 

0.5 gm. sulfaguanidine 

o.u 

0.10 

0.11 



0.5 “ " + 20 mg. 

0.39 

0.33 

0.32 

124,1 


p-aminobenzoic acid 

0.5 gm. sulfanilamide 

0.17 

0.15 

0.15 

69.4 


0.5 “ “ -b 20 mg. 

0.45 

0.41 

0.37 

126.0 


p-aminobenzoic acid 

50 mg. p-aminobenzoic acid 

0.49 

0.50 

0.46 



20 it a 

0.30 ■ 

0.18 

0.08 



Control 

O.IO 

0.06 

0.05 



butter yellow) in amounts at least equal to the optimal rat-daj’^ doses; i.e., 
thiamine 50 y, ribofla^dn 200 y, pyridoxine 50 y, calcium pantothenate 100 
y, biotin 20 y, inositol 1 mg., p-aminobenzoic acid 1 mg., nicotinic acid 1 
mg., and 25 mg. of choline chloride. At these levels no inhibition of the 
oxidation of linoleic acid was observed. When in the experiments with 
sulfonamide drugs higher doses of p-aminobenzoic acid (20 mg. or above) 
proved to have antioxygenic activity, the investigations with B vitamins 
were revised by using 20 times the amounts previously tested. To this 
mixture were added also 250 y of a concentrate of folic acid, with a purity of 
5.5 per cent.' The B vitamins at these higher levels were tested, combined 

* ICindly supplied by Dr. R. J. Williams, The University of Texas, Austin. 
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nnd pinidy. Witli tho cxcejition of /j-fiminobcnroic ncid nolle of the vita- 
iiiiiiH showed imy siirnifimiit mitioxidant netivity. Txicotinic ncid nnd the 
prciinration of folic ncid pave very alif^hf and transitory protection that 
lasted in both eases only to the 6tb day of the experiment. The activity 
of the combined H vitamins was determined in large part by the presence 
of p-aminobenj;oie acid. Uemoval of p-aminobenJioic ncid deprived the 
mixture of .siRnifieant antioxygeiru; activity, although minor and verj' 
transitory activity conld be demonslraterl even in the absence of p-nmino- 
bcnzoic arid. 

Ilydroqiiinonc and n-Tornphrrol in StnhiUzotipn of Linokic Acid-BiiUa 
Yellow Syi^trm — Ilydroqiiinone (7) and a-toeopherol (8) are known to pos- 
sess antioxidant pro])erlies. I’or pnrpose.s of eompari.'-on it was desirable 
to measure their ability to stabilise the linoleic aeid-bntter yellow system. 
100 mg. of hydrotniinone arlded to 10 gm. of the experimental mixture as- 
.sured complete protection even after 21 days (iodine number 132.0 and 
concentration of butter yellow 0.69 mg. per gm.). Smaller amounts of 
hydroqiiinonc (20 mg.) reduced the protection so that after 21 days the 
iodine number was 121.2 and the concentration of butter yellow 0.37 mg. 
per gm. 

a-Tocophcrol was found to be le.ss potent as an antioxidant than was 
hydroquinonc. 25 mg. of .synthetic o-tocopherol (.Merck), wlien tested in 
the usual manner, showed complete protection up to the Sth day only, the 
concentration of butter yellow at this time being O.GO mg. per gm. By the 
21st day, however, the value fell to O.IG mg. per gm. nnd the iodine number 
was 74.1. 


DISCUSSION 

Although the importance of antioxidants as means for retardation of 
autoxidation lias long been recognized (9) in the field of chemical technology' 
including food conservation, their part in strictly biological processes has 
not yet received the attention it seems to merit. Only quite recently has 
discussion started on the r61c of special antioxidants, mainly of vitamin E 
(a-tocophcrol) as intestinal antioxidants with their point of attack in the 
intestinal lumen. The relevant claims dealt with the intestinal destruction 
of ingested carotene in the presence of unsaturated fattj' acids and in simul- 
taneous absence of vitamin E (10-12). Supplements of vitamin E pre- 
vented the coupled intestinal oxidation of carotene. 

Past (1) and present studies have e.xtendcd the scope of study on anti- 
oxidants beyond that of vitamin E and generally bej’ond the class of 
purely fat-soluble antioxygenic substances (13), and as far as coupled 
oxidations are concerned, beyond carotene to other auto.xidizable sub- 
stances such as butter yellow. 
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From the present investigations it became apparent that a-tocopherol 
and the classical antioxidant, hydroquinone, are not as potent antioxidants 
for the preservation of butter yellow as are grains, yeast, liver, and their 
crude aqueous extracts. The common characteristic of all these and other 
similarly active substances (molasses, milk sugar residue) as well as con- 
centrates is their occurrence in crude sources of the whole vitamin B 
complex. Of all the known members of the B complex, however, only 
p-aminobenzoic acid exhibited appreciable antioxidant activity. This 
finding noUvithstanding, one can definitely conclude that p-aminobenzoic 
acid is not identical wth the potent antioxidant as it occurs in sources of 
the B complex and especially with that in rice bran extract or in solubilized 
liver (norit eluate factor (5)). 

With the norit eluate factor and the rice bran extract one is confronted 
■with the same situation regarding the neutralizing power of the eluate 
factor and p-aminobenzoic acid on the toxic effect of sulfaguanidine in 
rats. It has recently been sho\vn (5) that this liver factor is distinct from 
p-aminobenzoic acid for various reasons, the most important of which is 
the negative result of the microbiological assay for p-aminobenzoic acid 
in therapeutically effective amounts of the eluate factor. In our o-wn 
investigations crude rice bran extract (with about 70 per cent dry residue) 
was weight for weight (50 mg.) definitely more active as an antioxidant 
than was p-aminobenzoic acid. Furthermore, in microbiological assay 
cmde rice bran extract was found to be almost devoid of free p-amino- 
benzoic acid (1 Y per gm.’). 

Against the identity of the antioxidant in rice bran extract -with folic 
acid militates the fact that the microbiological assay of rice bran extract 
revealed the presence of only about 6 y of folic acid per cc.’ 250 y of a 
folic acid concentrate with a content of about 13 y of pure folic acid 
exhibited an incomparably lower antioxygenic actmty than has been 
exerted by 0.33 or even 0.07 cc. of rice bran extract. In this coimection 
it is of interest to note that through recent investigations of Nielsen and 
Elvehjem (14) the identity of the liver factor which neutralizes the growth- 
depressing effect of succinylsulfathiazole in rats 'with folic acid became 
very probable. 

Aromatic amines, such as aminophenols, are commonly used anti- 
oxidants in technical chemistry, for instance in preservation of rubber or 
oil (9). In view of this fact and of the close structural similarity the anti- 
oxidant quality of p-aminobenzoic acid could almost have been predicted. 
The biological consequences of the r6Ie of p-aminobenzoic acid as an anti- 
oxidant invite further investigations. 

’ We are indebted for this information to Dr. M. bandy of the Research Labora- 
tories, the S. M. A. Corporation, Chagrin Fails, Ohio. 
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Ht-MMAllV 

1. 'I'lic coiipli-d oxidalioii of luiftcr yellow proreed.s more ulowly in the 
lieloroKciieoiiH ayateiu coiisialinj: of eorn-stiireli, methyl linoicntc, and 
hotter yellow tlmii in ;i ayslem in whieli linoleie aeifi is aiihstitiited for its 
methyl ester. 

2. Grains (oats, wheal, corn) and the eommereial oat flour preparation 
Avenex exhibited hipih antioxidant aetivily in the linoleie. arid-butter 
yellow .system. 

3. Aqueous riee bran ('Xiraet eontains a very potent antioxidant. Other 
souree.s of the vitamin II eomplex sueh ns ye.ast, yeast extract, liver extract, 
moln.sses, and millc siiKur residue have alsf) shown anIioxyRenic properties. 

•1. The antioxidants in riee (|)olished or unpolished), rice bran e.xtract, 
Avencx, and yeast, have been found to be tu-al -labile. In yeast extraet 
or in riee bran extract no desiruelion by auloelavinR at jilI 10 was obscn'cd. 

5. The antioxidant of riee bran extraet is dialyznble and partially 
.soluble in linoleie acid. 

G. Of all the known H vitamins only 7 )-aminobenzoic acid has proved to 
bo significantly aniio.xygenie, at least under the exjierimcntnl conditions 
chosen. 

7. The antioxidant of rice bran extract and of potent liver fractions, 
however, is certainly not identical with p-aminohcnroic acid. 

8. Vitamin E and hydroquinone are only moderately active antioxidants 
for the system under inve.stigation. 
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The various methods of extracting and purifying prolactin, the lacto- 
genic hormone of the anterior pituitarj' gland, are based at least in part 
on the observation that this hormone is soluble in 60 per cent ethanol 
(pH 10) and 85 per cent acetone (pH 1.5), while most of the accompan 3 'ing 
inert proteins are not (1-4). Alcohol and acetone of higher concentration, 
however, will precipitate the hormone from these solutions. 

In the course of experiments on the purification of prolactin the sur- 
prising observation was made that this protein hormone becomes highfy 
soluble in 99,8 per cent methanol and 95 per cent ethanol as well as in 
certain other organic solvents if the pH is adjusted appropriatefy. In 
view of the fact that up to date onfy a few alcohol-soluble proteins have 
been described it was thought desirable to learn more about this unusual 
behavior of prolactin. In the pre-sent report the results of investigations 
with purified hormone preparations will be presented first, followed by a 
description of e.xperiments with fre-sh pituitarj* glands.' 

EXPERIMEXTAL 

Purified Prolaclin and Organic Solvents — Prolactin, though insoluble in 
organic solvents at its isoelectric point of pH 5.7, is highfy soluble in 99.8 
per cent methanol and 95 per cent ethanol in the presence of a small amount 
of acid. Under the same condition it is also dissolved, but to a lesser 
degree, by absolute ethanol and propj’lcne gfycol. The most favorable 
acidity apparentlj^ lies in the neighborhood of pH 3 ; j'et the solubility of 
prolactin in alcohols extends over a wide range, from below pH 1 to about 
pH 4.7. If the acidity is increased much bej'ond pH 1, the hormone 
becomes reversibly insoluble in these solvents as it does in water. Hj'dro- 
chloric, sulfuric, glacial acetic, sulfosalicjiic, trichloroacetic, and probabfy 
many other acids maj" be used to bring prolactin into solution with meth- 
anol or 95 per cent ethanol. Sulfosalicjiic and trichloroacetic acids desen-c 
special attention, for prolactin is precipitated completefy bj" these two 
protein precipitants from an aqueous solution. Other excellent solvents 
for prolactin are anhjrirous acids such as glacial acetic and propionic acids. 
The following studies, however, will be confined to solutions of prolactin 
in methanol and ethanol. 

* For the biological assays see the following paper. 
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The isohition of prolactin from it.s solution in acid alcohols can be 
achieved in three? different ways. 

Pircipitation u'illi Ether or Aertnur — 'riiouRh both .solvcnt-s will precipi- 
tate ino.st. of the active material when added in cpiantitie.s equal to that of 
the methanol .solution, it was found more .satisfnctor 3 ’ to u.se 2 volumes of 
technical other or -1 volume.s of arctone, beeau.se in that c.a.sc the precipita- 
tion floccidate.s and .scttle.s immediately. Bj- decantinp off the cic.ar super- 
natant and wa.shiiiR the precipitate two or three fiine.s with dry ether, 
before it i.s broupht to dryne.ss, wliite powrlers are obtained which arc again 
complotelj’ soluble ii\ methanol without any further addition of acid. 

Precipitation by Paisiny pll too nr Above — 'I’lie advantage of thi.s method 
lies in the smaller volume u.sed; the di.sadvantagc.s arc, however, that any 
pigment prc.scnl will precipitate along with the hormone and that in order 
to bring such preparations back into methanol solution the pH h.as tobc 
rcndju.sted. Elimination of the pigment can bo achieved b.v the use of 
charcoal (norit A, Eimer and Amend). An largo amounts of it adsorb 
lactogenic activity, one Ima to add the charcoal in sm.nll portions to the 
acid methanol .solution of prolactin until a sample upon filtration is free 
from pink color. In a number of expernients carried out with different 
starting materials and under varjdng condition."--, it was always found 
satisfactory to use 0.5 to O.G gm. of norit A per 1 gm. of dissolved protein, 
regardless of whether the concentration of protein in methanol was O.OS 
or l.G per cent. 

Evaporation of Solvent in Vacuo at Low Temperature — It was found that 
evaporation of the solvent is possible without loss of anj- prolactin activit.v. 
Small amounts can even be carefully evaporated on the water bath. Since 
a methanol solution of prolactin m.ay be filtered through a Seitz pad EK 
without anj^ loss of potenejq sterile solutions of prolactin in methanol can 
thus be prepared and afterwards evaporated under sterile conditions. 

In order to obtain some information on the c.xtcnt to which prolactin is 
soluble in both methanol and ethanol, a number of solubilitj* tests were 
made with two highlj’’ purified prolactin preparations, one derived from 
sheep, the other from beef pituitary' glands. A description of these two 
preparations follows. 

A new method, which will be outlined in the following communication, 
was applied to obtain hormone preparations nss.ay-ing approximately' 30 
i.tr. per mg. They were completely' soluble in alcohol but still contained 
some salt. They' were, therefore, dialy'zcd in the ice box, until all of the 
material had precipitated isoelectrically' (12 day's). The precipitate was 
dissolved in methanol wth the addition of a small amount of concentrated 
hydrochloric acid. 2 volumes of ether were added and the resulting 
precipitate was separated by' centrifuging and was then dried with ether. 
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The dried preparations were subsequently tivice redissolved in methanol 
and precipitated vith ether in order to get rid of a small amount of material 
which was less soluble in methanol. No acid was used in these last steps. 
The two preparations thus obtained were dried in a desiccator over calcium 
chloride. Biological assays indicated that both preparations now con- 
tained only 20 i.u. per mg. As may be seen from the experiments dis- 
cussed in this and the follondng publication, treatment with, acid methanol 
does not change the potency of prolactin preparations. It is therefore 
suggested that this reduction in potency is due to the prolonged dialysis 
rather than to the treatment noth acid methanol. 

When 25.0 mg. of each preparation were dissolved in 10 cc. of water, the 
solutions showed pH values of 3.04 and 3.10 for sheep and beef prolactin, 
respectively. (The same values were encountered when methanol was 
used as solvent.) To get the isoelectric reaction (pH 5.70), 2.63 and 2.58 
cc. of 0.01 M sodium hydroxide had to be added. This amounts to 1.04 
milliequivalents of hydrochloric acid bound in each gm. of prolactin hy- 
drochloride, corresponding to 1.46 per cent of basic nitrogen. Chlorine 
determinations, on the other hand, revealed 3.96 and 4.08 per cent chlorine, 
respectively, corresponding to an average of 1.58 per cent of basic nitrogen. 

To 0.200 gm. of prolactin hydrochloride (sheep) 0.8 cc. of methanol 
(99.5 per cent, Eimer and Amend) was added and the mixture stirred well 
ivith a glass rod. An extremely viscous solution formed which became 
somewhat opalescent while it was being shaken at room temperature for 
4 hours. It was then centrifuged for 30 minutes at 2000 r.p.m. which 
caused separation of a small amount of clear heavy liquid from the gelat- 
inous remainder. The supernatant solution was weighed, brought to 
dryness in a vacuum desiccator over calcium chloride, and the dry weight 
determined. It was found that 56.2 mg. of methanol solution contained 
12.3 mg. of prolactin. The concentration was, therefore, 21.9 per cent 
by weight (t = 24.5°). 

Other tests were performed to determine the solubility of the two pro- 
lactin preparations in absolute and 95 per cent ethanol as well as in meth- 
anol saturated with sodium chloride (1.29 per cent of sodium chloride by 
weight). All these experiments were made by extracting 50 mg. of pro- 
lactin hydrochloride with 0.4 cc. of the solvent for 4 hours and evaporating 
a determined weight of the centrifuged solution to dryness. The results 
of these experiments are summarized in Table I. Though saturation was 
reached with certainty only in three e.xperiments, others are listed as well 
to show the minimum solubilities. From the data in Table I, the folloiving 
can be seen. (1) Prolactin hydrochloride is quite soluble even in absolute 
ethanol. The preparation derived from beef pituitary glands e.xhibited 
a somewhat higher solubility. (2) The solubility in 95 per cent ethanol is 
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at. least 8 times greater than in ahsoliite etlianol. (3) Prolactin hydro- 
chloride is highly solnhle in methanol even in the presence of sodium 
chloride. 

Arid Alri)lial K.rlntrlioii nf I’roinrtiu from Frrrh Pitliilarij Glands—Tor 
the followiiif: experiments, fresh nndisseeted pitiiitary glands derived cither 
from sheep or from heef woro. extracted with cnoiiRli acidified absolute 
ethanol or methanol so that a final roncentration of aiiproximatcly 95 per 
cent rosnlted. 

250 p;m. of nndisseeted jiitnitary plands, p.a.sscd two or three times 
thronph a meat frrinder, are extrarted in an ice hath for 1 to 2 hours mth 
•J liters of methanol and 5 ee. of concentrated hydrochloric acid (pH 3.9). 
If a stirrer that is not powerful enoufrh is used, it iniRht he nccessar}' to 
force the tissue throujrh a sieve, so .as to avoid the formation of lumps. 
The mixture is then centrifuged for 10 minutes at 2000 n.r.M. The pink 


T.mu.i: I 

Soluhilitij of I’urificd Proioctiu in Mrthnno! nnrl Ethanol 
pH 3.1. < r= 21-2,')°. 


Solsenl 1 

5 

I^ourcf j 

1 SoluMHt)* of prolactin, 
r<r cent by wei?bl 

Mcllmnol, 00.5% i 

1 

Shcop 

21.9 

" 00.5% 

Ilecf 

I >14.3 

Ethanol, 100%. i 

Sheep i 

3.5 

“ 100% i 

Ilcof 

4.4 

“ 05% 

(f 

1 

>12.9 

Methanol, 00.5%, .‘jatnrated with XaCl . . | 

“ 1 

>13.2 


extract may be treated in either one of two ways, (o) 2 volumes of techni- 
cal ether are added, causing an immediate precipitation which settles down 
within a few minutes. The clear supernatant is decanted and the re- 
mainder centrifuged. The solids arc then stirred up in the centrifuge cup 
with dry ether and again centrifuged. They arc removed from the cup 
with dry ether, collected on a Buchner funnel, and, while still ether-wet, 
transferred to a mortar and ground to complete dryness. The yield is 
about 10 gm. {b) The extract is stirred for a few minutes with 5 gm. of 
iiorit A, centrifuged, and freed from colloidal charcoal by filtration through 
a Seitz GP or EK filter jiacl. The filtrate, which is golden in color, is 
neutralized with 5 m NaOH to pH 5 to G. This precipitate is worked up 
in the same manner as described above. The yield is about the same as 
in the first alternative. 

In Table II the re.sults of five experiments are recorded. The data indi- 
cate that methanol extracts from fresh pituitary glands contain about 
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two-thirds of the prolactin activity in the case of sheep and three-fourths 
in the case of beef. The yield of active material is somewhat lower with 
ethanol. In Experiment 13-hs ground glands were pulverized in a mortar 
with the addition of dry ice until all of it went through a 40 mesh sieve, 
but no change in the distribution of the hormone between solution and 

Table II 

Acid Methanol Extraction of Prolactin from Fresh Pituitary Glands. Disirihulion of 
Weights and Activities between Alcohol Extracts and Residues 
All values are calculated on the basis of 1 kilo of whole pituitary glands. 


Preparation No. 

pH of 
methanol 
extract 

1 

Weight of ! 
fractions 1 

Prolactin activity 

[ Total 
activity 

Per mg. | Total 

Sheep pituitary glands 




im. 

i.u. 

i.u. 

Per cent 

4-hs-4, methanol-soluble* 

2,5 

43.8 

1.85 

81,000 

63.9 

4-hs-2, methanol-insoluble* 


158.0 

0.29 

45,800 

36.1 





126,800 

100.0 

3-hB4, ethanol-aoluble* 

2.8 

40.9 

1.63 

66,700 

50.5 

3-ha-2, ethanol-insoluble* 


152.0 

0.43 

65,400 

49.5 





132,100 

100.0 

13-ha-4, methanol-soluble 

1.7 

42.0 

3.44 

144,500 

67.9 

13-hs-2, methanol-insoluble 


145.5 

0.47 

68,400 

32.1 





212,900 

100.0 


Beef pituitary glands 


6-hb-4, methanol-solublef 

3.9 ! 

37,0 

2.30 

85,100 

74.1 

6-hb-2, methanol-insolublet 


148.8 

0.20 

29,800 

25.9 





114,900 

100.0 

5-hb-4, ethanol-solublet 

3.2 


2.60 

83,500 

72.1 

5-hb-2, ethanol-insolublef 

i 


0.20 

32,300 

1 27.9 

1 


nn 


115,800 

100.0 


• The Bame lot of sheep pituitary glands was used, 
t The same lot of beef pituitary glands was used. 


residue was found. As can be seen from Table II, the potency of the 
active fractions lies between 1.6 and 3.4 i.u. per mg. Since purest pro- 
lactin assays 30 i.u. per mg., these crude fractions contain between 88.5 
and 94.6 per cent impurities, including 2.6 to 3.2 per cent ash. 

As can be seen from Table II, crude prolactin preparations with only 2 
to 3 I.u. per mg., containing probably between 80 and 90 per cent of inert 
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prolciiij^, an: cnnily soluhlo ii» nriilifiad 06 per cf’nt nictlmnol or ethanol. 
It innst, Ihorofoi'o, l)o coiicliifloil Ihnf tlio nuliihility in nlroliols i.s a much 
more common properly of prolciti.*: Ilian had up to now hcen realized." 

The ve.snU.s reiiorted in 'rahle 11 ahov.' thal a ronsiderahlc pari of Ihe 
prolactin activity remainM in the acid mclhanol-inaolnhle residue. The 
.aamo oh.aervalion hn,>! hcen made with other e.^lraction methods, as can be 
.scon from experiment;; recorded in Tahl(« HI. In Experiment.s 9-li.s and 
37-pr the frc.sh .sheep pituitary plaiuhi were extracted with water at an 
alkaline pTI. (Different lots of jiilnitary jdands were u.^cd for the three 
experiments listed.) 

Experiments designed to increase the exirartion of prolactin activity 
were not successful. Even if it is assumed that the determination of the 
prolaetin activity in the residues is falsified hy the presence of inert pro- 


T.mii.v. hi 

Compnriunn of .U/i/cm/? itud Alcoholic I’xlrar'.inrix of Prolactin 
All values are calculated on tlio Im.sia of 1 l;ilo of wlmlc .sliccp pituitary Rlanils. 


Expffimcnl j 

DfSCftplton o{ cxtfj 

:ctlnn 


1 ProUciin 

No. 

Typr 1 

pH 

Totil tifn* 

In midut 

In ejtrict 




kn. 

t.M. 

I.M. 

O-hs 1 

Water, 2 extractions , 

9.0 

1 

•12,100 

71,400 



10.5 




37-pr 

<1 3 << j 

9.7 

23 

57,500 

147,900 


I 

9.9 





1 

10.2 




59-pr 

Alcthnnol, 1 extraction j 

2.0 

IJ 

•19,000 

81,600 


teins (5), the quc.stion why part of the lactogenic potency resists extraction 
remains unanswered. 

Since the greater portion of crude prolactin fractions is soluble in alco- 
hols, a further treatment with these solvents cannot be expected to increase 
their purity. However, if a 2 per cent aqueous solution of the material 
is precipitated at pH 2.8 to 3.6 with 2 per cent sodium chloride and the 
precipitate treated again with methanol, preparations containing up to 
15 i.u. per mg. are obtained. 

2 gm. of the material are dissolved in 75 cc. of water. If necessary, the 
pH of the aqueous solution is adjusted to 2.S to 3.6. After the mixture 

■ = The question whether other pituitary hormones are contained in the methanol 
extracts from fresh pituitary glands can bo answered at tliis time only with regard 
to the follicle-stimulating hormone. It was found that follicle-stimulating hormone 
is not soluble in 95 per cent methanol under the experimental conditions described 
above. 
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has been stirred in an ice bath for 1 hour, a solution of 2 gm. of sodium 
chloride in 25 cc. of water is added and stirring continued for 15 minutes. 
It is then centrifuged. The supernatant is discarded, and the residue is 
extracted twice with 20 cc. of methanol to which 1 drop of concentrated 
hydrochloric acid is added. The methanol extractions are combined and 
precipitated nith 80 cc. of ether. The solids from the ether precipitation 
are worked up in the same way as described for the crude preparations. 
The yield is 0.20 to 0.25 gm. of material, a.ssaying 13 to 16 i.u. per mg. 

In Table IV the distribution of weights and activities between the 
methanol-soluble and methanol-insoluble fractions of the precipitate ob- 
tained nnth 2 per cent aqueous sodium chloride is shown by two examples. 


Table IV 


Purificalion of Crude Prolactin Fraction by Salt Fractionation and Sf ethanol Extraction 

of Salt Precipitate 

All values are calculated on the basis of 1 kilo of whole pituitary glands. 


Preparation No., 2% NaCl ppt. 


' pH of 
methanol 
extract 


Weight of 
fractions 


Prolactin activity 
Per mg. { Total 


Total 

activity 


Sheep prolactin derived from 42.0 gm. of Preparation 13-h8*4 (sec Table II) 


67-pr-4, methanol -soluble 
67-pr-2, methanol-insoluble 

3.6 

{"■ 

5,2 

28.0 

Per cent 

15.7 

84,3 

i.u, 

15.7 

1.9 

1 

i.u. 

81,600; 

53,200' 

1 

per eenl 

60.6 

39.4 

33.2 

100.0 



Beef prolactin derived from 37.0 gm. of Preparation 6-hb-4 (sec Table II) 

66-pr-4, methanol-soluble ! 

66-pr-2, methanol-insoluble j 

2.8 


13.2 

86.8 

1 

■ 

53.5 

46.6 

28.1 

100.0 




These data indicate that (1) the total yields from 1 kilo of whole sheep and 
beef pituitary glands were 81,600 and 47,700 i.u., respectively, (2) 2 per 
cent aqueous sodium chloride precipitated about 79 and 76 per cent of all 
proteins present in the original crude prolactin fractions, (3) not more than 
16 per cent of the salted-out material was soluble in methanol. These 
fractions, however, contained 54 to 61 per cent of the prolactin activity. 

It could be sho^vn that this low methanol solubility was not a property 
of the original crude prolactin fractions (Preparations 13-hs-4 and 6-hb-4), 
the greater part of which was methanol-soluble. The great decrease in 
alcohol solubility of these proteins when wet salt precipitates were extracted 
with methanol, but not when the dry material was taken up in the same 
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solvent, siig(;c.s(s l lm(. alrolinl (Icnntnrnlion is favored by the presence of 
either salt or water, or both. 


rn.«(;tr.‘^.sioN 

Sohibility of a protein in a bifdi roneentration of alcohol 1ms been consid- 
ered ui> to now to be a v(ay rare pbenoinenon. It lias been .shown in the 
prc.sent eonunnnieation that alcohol .solubility is, on the contrnrj’, quite a 
common jn- 0 ])erty amonp native proledns. Prolactin constitutes but a 
small fraction of the 20 per cent of pitriitary yirotcins which were found to 
be .soluble in 05 j)er cent alcohol. 

The known alcohol-solubie proteirm arc of two distinctly different types: 

1. Proteins which are. alcohol-soluble at neutral rc.action. Only a few 
plant proteins, the pvolamins, are known to show such a property. They 
arc best soluble in 70 per cent alrobol, but insoluble in cither pure alcohol 
or i)ure water. They arc belii'ved to owe their peculiar behavior to a 
dcficicney in charged groups and to an aiainelanco of uncharged polar 
groups (low basic but high amide nitrogen). 

2. Proteins which arc alcohol-sohihle due to salt formation. In most 
instancc.s the solubility of jirotoins in high concentrations of alcohol has 
been investigated only at a limited jilI range. A jirotcin which shows the 
remarkable property of being soluble in .slightly ammoniacal 99 per cent 
ethyl alcohol is carbonic anbydra.se, as was recently' reported by Scott and 
by Scott and Fisher (G). A number of other proteins are known to be 
soluble in GO to 70 per cent alcohol in the presence of alkali, one of them 
being prolactin (1). On the other band, proteins which arc soluble in such 
alcohol concentrations in the presence of acid arc also known. To this 
group belongs Osborne’s alcohol-soluble casein fraction with the surpris- 
ingly high molecular weight of 375,000 zfc 11,000 (Svedberg and coworkers 
(7)) and various hormones. Though prolactin is quite unique in its high 
affinity' towards alcohols, it is probable that it cliffei'S from the known 
representatives of this group more in degree than in kind. In which 
respect these proteins difTer from other proteins which are unable to form 
alcohol-soluble salts is not known. Osborne and Wakeman (S) were 
unable to attribute the alcohol solubility' of their protein to any' special 
groups in its molecule, especially if comparison was made with the alcohol- 
insoluble casein; both have approximately' the same proportion of amide 
nitrogen, and casein contains about 36 per cent more basic nitrogen than 
Osborne’s protein. However, the observation that alcohol-soluble pitui- 
tary proteins, except prolactin, lose their solubility in methanol during the 
process of purify'ing prolactin’ suggests that the relative proportion of 
amino acids is not the only decisive factor w’hich determines the solubility') 
but that the general structure of a protein is also of the greatest importance. 

’ See also the following paper. 
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SUMMARY 

Prolactin is shoi\Ti to be highly soluble, at a pH below its isoelectric 
point, in 99.8 per cent methanol and 95 per cent ethanol. This peculiarity, 
however, is shared by a large part of the proteins from fresh pituitary 
glands. 

A method is described for the extraction and purification of prolactin. 

The author uishes to thank Dr. Erwin Schwenk for helpful advice and 
Dr. Eric Putter and Miss Frances Dobell for the biological tests. 

HIBLIOGRAPHV 

1. Bates, R. \V., and Riddle, O., J. Pharmacol, and Exp. Therap., 56, 365 (1935). 

2. Riddle, O., Bates. R. W., and D 3 'kshorn, S. IV., Am. J. Physiol., 105, 191 (1933). 

3. Lj'ons, W. R., in Cold Spring Harbor sjTnposia on quantitative biologj'. Cold 

Spring Harbor, 6, 19S (1937). 

4. Lyons, W. R., Proc. Soc. Exp. Biol, and Med., 36, 645 (1937). 

5. Friedman, M., and Hall, S. R., Endocrinology, 29, 179 (1941). 

6. Scott, D. A., J. Biol. Chem., 142, 959 (1942). Scott, D. A., and Fisher, A. M., J. 

Biol. Chem., 144, 371 (1942). 

7. Svedberg, T., Carpenter, L. M., and Carpenter, D. C., J. Am. Chem. Soc., 52, 241 

(1930). 

8. Osborne, T. B., and Wakeman, A. J.,/. Biol. Clicm., 33, 243 (1918). 
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Among the numerous methods for the extraction and purification of the 
hormones of the anterior pituitary recorded in the literature, several proce- 
dures have been worked out especially with the view of securing as many 
as possible of the active principles (1-3). However, considerable over- 
lapping of the active principles in the fractions obtained makes the prep- 
aration of the hormones in pure form quite laborious. In view of these 
shortcomings we have tried to work out a method in which the starting 
material would be fractionated in such a way that a preparation of several 
hormones from one batch of glands could be more easily undertaken. 

Among the different methods tried, the emulsification of the pituitary 
proteins with organic solvents such as chloroform and their subsequent 
separation as a gel proved to be most promising. 

This method of precipitating proteins by treating theh aqueous solution 
with chloroform has been known for a number of years and has been used 
frequently in the purification of polj'saccharides (4). The only application 
of this method for the purification of a hormone w'as made by Gurin, 
Bachman, and Wilson (5), w’ho used it to remove trace.s of protein from a 
highly purified chorionic gonadotropin preparation. The possibility of 
using this method for a separation of different protein fractions was, how- 
ever, not indicated by these authors. 

When macerated, undissected pituitaries are shaken mth chloroform at 
a pH of between 5 and 6 and subsequently centrifuged, three distinct layers 
are formed. The lowest consists of chloroform in which most of the lipid 
substances of the tissue are dissolved. The layer above the chloroform is 
a gel which contains the bulk of the tissue proteins, together with prolactin 
and adrenotropic hormone. The top layer is a clear aqueous solution 
containing the gonadotropic hormones, thyrotropin, pituitrin, and other 
easily soluble substances. 


EXPERIMENTAL 

Biological Assays — The prolactin activity of our preparations was de- 
termined by the weight increase of the crop sacs of white Cameau* pigeons 

* The pigeons were the same breed as those used by Dr. Riddle for the dose-weight 
curve. 
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G wocics of apo nrrordinf; to Uir Hitirllc, Halo;!, anti Dykshorn doPC-weight 
curve (G). Caro was takoti (o oliock all croj) sacs for local stimulation. 
A.ssay.s .sliowiiif!; no local rcsiion.so wore rejected a.s negative. Tor tliccon- 
ver.sion of Hiddl(' unit;; int«) international unit.s, at lc,'i.st one group of sqimbi; 
wa.s inject<'d ('acli week ^^•itll a .standard, the i>i)trnry f>f which hnd keen 
determined hy coniijari.^nn with an international standard of prolactin.’ 
Five to ten pigeons were used per group. 

/. Chloroform Milhml- -1 kih> of fresh, frozen, undi.sscc.tcd pituitarics 
(sheei) or Ixs'f or hog) wa.s p.'e-sed through the meal grinder two or three 
timc.s. 1 liter of cold water W!i.s added anri the [>H kcqit hetween 8 and 9 
by the addition of o n .sodium hydroxide. 'I'lie mixture was .stirred in an 
ice hath for •! hours. 2 liters of water and 2 liters of chloroform were then 
added and enough glaci.al acetic .acid to adjust the pH to a point between 
5 and G; ?'.c., near the; isoeh’ctric point of prolactin (pH 5.70). Stirring was 
continued for another hour. 'I'he mixture wa.s then centrifuged for 25 
ininuto.s at 2000 h.f.m., resulting in the formation of three layers. 

The clear, red-colored a(iueouK su|>ernntant wa-s decanted and poured 
into f).’ time.s its volume of acetone, forming a white precipitate which 
contained the gonadotroiiic and thyrotrojiic hormones. 'Die yield was 
approximately 20 gm. for sheep pituitary, le.-.s for beef and hog pituitarics. 
About 70 per cent of the original chloroform used could be decanted by 
lifting the solid cake. 'I'he latter was then stirred with an c.xec.ss of acetone, 
filtered, and washed with more acetone. It wits dried, ground in a ball 
mill, and sifted through a 100 ine.sh sieve. 'I'he total yield wa-s 175 to 180 
gm., independent of the source of the pituitarics. 

2. Exlradion of Prolactin from Chloroform Gel. Acid ethanol Ex- 
traction^ — ‘10 gm. of the dried and sifted chloroform gel were extracted for 
1 hour with GOO cc. of methanol (technical. 00. S per cent), while enough 
concentrated hydrochloric acid was added (approximately *1 cc.) to keep 
the pH between 1.6 and 2.‘1 as me.nsurcd by a glass electrode. Stirring 
was carried out in an ice bath. The residue, after centrifugation, was 
stirred up shortly with -100 cc. and then with 200 cc. of methanol without 
further addition of hydrochloric acid. Tlic three methanol solutions 
were combined, adjusted to j)H 3 with a few drops of 5 N sodium hydroxide, 
and poured into 2 volumes of technical ether. The white prolactin precip- 
itate settled promptly and was centrifuged, washed with dry ether, and 
dried. The yield was 3 to 4 gm. The meth.anol-insoluble residue was 
dried with acetone. 

S. First Salt Fractionation — 3 gm. of the precipit.atc obtained from the 

^ Wo wish to thank Dr. Riddle for his courtesy in letting us have some standard 
preparations and also for assaying some of our material in his laboratory. 

’ For a discussion of the solubility of prolactin in acid methanol, see the preceding 
paper. 
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acid methanol extracts were dissolved in 150 cc. of water, the pH of the 
solution being kept at about 2.5 by dropwise addition of concentrated 
hydrochloric acid. Solid sodium chloride was added, with stirring, to a 
concentration of 5 per cent, causing prompt flocculation of the prolactin. 
The precipitate, after centrifuging, was extracted in a Waring biendor with 
150 cc. of methanol and centrifuged. The clear methanol supernatant was 
precipitated with 2 volumes of ether and the resulting prolactin precipitate 
dried. The yield was about 1 gm. The methanol-insoluble residue was 
reextraoted in a Waring biendor with 150 cc. of methanol, centrifuged, and 
the supernatant precipitated with ether, yielding 0.2 to 0.4 gm. of material 
which was somewhat less active than the precipitate from the first extract. 

4. Second Salt Fracliana(ion—The two methanol-soluble fractions ob- 
tained in step (3) were combined and again dissolved in water to a concen- 
tration of 2 per cent. Solid sodium chloride was added to a concentration 
of 2 per cent, and the resulting precipitate extracted wdth 80 cc. of meth- 
anol. The active fraction was then precipitated from this extract by 
neutralization with sodium hydroxide to pH 5 to 7. By this procedure 
the precipitation of any sodium chloride which is present in the methanol 
extract is avoided. The final precipitate was redissolved in 50 cc. of abidi- 
fied methanol and reprecipitated with 2 volumes of ether. The yield from 
sheep pituitaries was 0.4 to 0.5 gm. of prolactin, assaying approximately 
30 i.u. per mg. 


A representative fractionation of sheep, beef, and hog pituitaries is 
recorded in Table I. The yields are calculated per kilo of fresh, undis- 
sected glands. It should be mentioned that, in agreement with the 
; observation of Friedman and Hall (7), we found that different shipments 
{ of pituitaries of the same species vary considerably in prolactin activity. 
As can be seen from Table I, the chloroform gel from sheep pituitaries 
contains approximately twice as much prolactin as that from beef and hog 
' pituitaries. It is realized that the large amount of insoluble tissue proteins 

; in the starting material may increase the titer of these fractions owing to 

1 delayed absorption (7). In a few instances in which the chloroform gel 

j rvas compared with acetone-dried pituitaries prepared from the same 

; shipment, the dried glands appeared slightly more potent. The acid 

! methanol extraction of the chloroform gel (step (2)) increases the activity 

; per mg. 8- to 10-fold, and a yield of 50 to 60 i r “'vi prolactin 
■ activity is obtained. The residue, cont-in’ 'rotein 

shows an activity of 0.3 i.u. per mg. or about ■' ' ‘ ■•otal 

; actmty. Again, the large amounts of inert ' 'les 

^ may interfere with the determination of the -e 

fractions. The precipitation of prolactin h \ 

f f Pfif cent sodium chloride followed by ' > 

increases the activity per mg. 2- to 3-fold, and a 
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t The determination of the activity unfortunately could not be repeated and is evidently wrong. 
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Tvith 2 per cent sodium chloride (step (4)) again more than doubles the 
potency per mg. 

With the method as described in this communication we have repeatedly 
prepared prolactin containing 30 i.h, per mg. from sheep pituitaries in 
yields of approximately 2 gm. per kilo of fresh glands. The final product 
from beef pituitaries varies in weight between 1.0 and 1.5 gm. and assays 
26 to 30 i.u, per mg. With hog pituitaries, the method outlined brings the 
potency only to about 20 i.ir. per mg. and necessitates further purification. 
All these preparations are amorphous, including those assaying 30 i.u. 
per mg. No physicochemical data concerning the purit3' of our prepara- 
tions have been ascertained. 


DISCUSSION 

Several methods for the preparation of the lactogenic hormone from the 
anterior pituitary’ have been described in the literature, based on the ex- 
traction of the active principle with 60 per cent ethyl alcohol at pH 10 
(8) and with 85 per cent acetone at pH 1.5 (9). Li, Lyons, and Eimns 
(10) have obtained a pure protein of constant solubility and electrophoretic 
homogeneity, assaying 30 international prolactin units per mg. By a 
procedure based on Ljmns’ method, TlTiite, Bonsnes, and Long (11) have 
prepared a similar prolactin from which they obtained the hormone in 
crystalline form. 

We have carried out some experiments trj’ing to separate the gonado- 
tropic hormones from prolactin bj' the use of protein precipitants such as 
sulfosalicjdic and trichloroacetic acids. However, the high acidity of the 
solutions resulted in considerable losses of gonadotropic activity and the 
experiments were therefore abandoned. The great advantage of using 
the chloroform method in the preparation of prolactin is seen in the possi- 
bility of preserving the other pituitarj' hormones in such a form that their 
.subsequent isolation can be easity undertaken. Furthermore, the method 
as described here allows the preparation of prolactin in practically pure 
form in jdelds higher than those previously reported (11). 

The mechanism of the interaction between proteins and chloroform is 
not fully understood at present. Sevag and coworkers (12) are of the 
opinion that the protein when treated vith chloroform does not undergo 
profound changes. By the use of this method, preparations of catalase 
(13), phosphatase (14X and of the iramunologically active protein com- 
ponent of the streptococcal nucleoproteins (12) have been obtained without 
apparent denature tion. On the other hand, Andrews and coworkers (15), 
in their recent excellent studj^ of the optima! conditions for the removal 
of proteins bj'- chloroform, have come to the conclusion that “the precip- 
itated protein is denatured bj' the process to the point of being insoluble in 
water, salt solutions, and dilute acid and alkali.” Our experiments nith 
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some of the active factors of the anterior pituitary, although not originally 
intended to contribute to this question, seem to indicate that the chloro- 
form treatment docs not impair the activity of the lactogenic hormone in 
the chloroform gel nor the potenej* of the follicle-stimulating hormone in 
the aqueous phase. We arc inclined to believe that dcnaUiration by 
chloroform treatment may depend, among other factors, on the pH, the 
concentration of the protein mixture, and the physical and chemical char- 
acteristics of the i)rotcins involved. 

SUMMAUY 

A method of treating fr&sh, macerated pituitaries with chloroform has 
been described. By this method the pituitary proteins are separated into 
two fractions, one which is soluble in water, containing among other active 
principles the gonadotropins and thyrotropin, and one which is a solid gel, 
containing prolactin and adrenotropin. 

The preparation of iirolactin from the chloroform gel by extraction with 
acid methanol and sodium chloride fractionation has been outlined. The 
final product of 30 i.u. i)er mg. is obtained in a yield of aj^proximatcly 2 gm. 
from 1 kilo of fresh sheep pituitaries. 

We wish to thank Dr. Karl Meyer of the College of Physicians and 
Surgeons, Columbia University, for his advice in our work and Dr. Eric 
Putter and Miss Frances Dobell of our Biological Laboratory for carrjdng 
out the biological assays. 
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THE SYNTHESIS OF PEPTIDES BY TRANSAMINATION 

Bt ROBERT M. HERBST and DAVID SHEMIN 

(From the William H. Nichols Laboratory, New York University, and the 
Department of Biochemistry, College of Physicians and 
Surgeons, Columbia University, New York) 

(Received for publication, December 16, 1942) 

The ssmthesis of proteins in biological systems is usually considered as 
a reversal of the enzymatic cleavage of these substances, the formation 
of peptide linkages between free amino and free carboxyl groups of dif- 
ferent entities. In recent years Bergmann and his collaborators (1) have 
obtained experimental verification of this concept of peptide synthesis. 

In spite of the recent rapid advances in our knowledge of the inter- 
mediary metabolism of proteins and amino acids and of the enzyme sys- 
tems involved in these changes, little attention has been paid to the pos- 
sibility that substances other than amino acids may take part in the 
biological synthesis of peptide chains. Linderstrpm-Lang (2) has sug- 
gested a scheme for protein synthesis involving the reaction between a- 
dicarbonyl derivatives and amines observed by Maurer and Woltersdorf 
(3) and enzyme systems such as the glutamic dehydrogenase of von Euler 
et al. (4) and the transaminases of Braunstein and ICritzmann (5). 

Biological analogues of three chemical methods of converting a-keto 
acids into amino acids have been demonstrated; namely, the reduction of 
the oximes of keto acids (6, 7), the hydrogenation of keto acids m the 
presence of ammonia (8, 4), and the transfer of amino groups from amino 
acids to keto acids (transamination) (9, 5). Several years ago we under- 
took to study in model systems the application of these methods to the con- 
version of certain a-ketoacylamino acids into peptides (10). At thattime 
we demonstrated the conversion, among others, of pyruvyl-dl-alanine into 
dJ-alanylalanine by the catal34ic reduction of its oxime and by hydrogena- 
tion in ammoniacal solution. Methods of preparing the ketoaejdammo 
acids have been developed by Bergmann and Grafe (11). 

We have now completed the synthesis of alanylalanine from pyruvyl- 
alanine by transamination vith a-aminophenylacetic acid acting as donor 
of the amino group. The reaction was carried out by boiling an aqueous 
solution of pyruvyl-dZ-alanine and a-aminophenylacetic acid without a 
catalyst rmder the conditions previously employed in our laboratorj' for 
the study of uncatalyzed transaminations in model systems. Carbon 
dioxide and benzaldehyde were eliminated as volatile products, dl- 
Alanylalanine was isolated from the aqueous reaction mixture as the 
carbobenzoxy derivative. Since dZ-amino acids were employed in the 
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rc.aclion, tlic curbobcnzoxytilnnyhilaninc was obtainod as a mixture of 
diastcrcoisomoric racemates which could be separated onlj’ with difficultj'. 

For imrposoH of comparison carbobcnzoxyalatndalaninc was prepared 
from alanine anhydride by a method analogous to that employed by 
Fischer and Kautzsch (12) in the preparation of bcnzoylalanylalanine. 
The procedure led to the formation of a mixture of diastercoisomers. By 
fractional crystallization the mixture could be separated into a number of 
fractions. Two of these, Fraction A melting at 144.5-145.5° and Fraction 
B melting at 108-109°, appeared to rei>re.sent pure racemic modifications. 
The determination of their configurational relationship must await their 
resolution. In addition to these pure fractions a considerable amount of 
the total product remained in fractions molting below 140° and could be 
separated only with large losses of material. A small fraction, C, melting 
at 133.5-135°, rc.sisted efTorts at .‘jcp.arat ion into the higher melting frac- 
tions. This material appeared to be cither a solid solution of the other 
two fractions or a fortuitous mixture of constant melting point and crystal- 
line appearance. 

The carbobcnzoxyalanylalaninc obtained by tran.samination experi- 
ments g.avc on fractional crystalliz.ation a pure racemate melting at 1C7- 
167.5° .and a second fraction molting at 133-135°. The latter fraction 
could not be separated into other fractions because of lack of material and 
the wastefulness of the process. Neither fraction showed a deprc.ssion of 
the melting point when mixed with the appropriate fraction, B or C, ob- 
tained from alanine anhydride. 

The three methods by which jiynivylalaninc has been converted into 
alanylalaninc are formulated as shown (I). 


O CH, 

II I 

CH,— C— CO— NH— CH— coon 

NH,(H) 


NH, 

1 

R— CH— COOH 


NOH CH, 

II-NOII II I 

>• CH,— C— CO— Nil— CII— COOH 

|(H) 

NH, CH, 

1 I 

CH,— CH— CO— NH— CH— COOH 


(I) 


Although Braunstein and Kritzmann (13) and Cohen (14) have shown 
that simple peptides do not appear to act as amino group donors in trans- 
aminase-catalyzed systems, the possibility that pynnylamino acids or 
analogous derivatives of other a-keto acids may act as amino group ac- 
ceptors in enzjTOe-catalyzed systems has not been investigated. 

The results of our model experiments permit the postulation of a com- 
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plete scheme for the synthesis of peptide chains and proteins from non- 
nitrogenous precursors of the amino acids, the validity of which in biolog- 
ical systems should be considered. The nitrogen maj' be drawn from at 
least three sources, hj'droxylamine, ammonia, or other amino acids. It 
will be observed that the scheme involves only two fundamental reactions, 
amination and acylation, both of which are known to take place in biologi- 
cal systems. By alternate repetition of these fundamental reactions a 
peptide chain of any conceivable length could be synthesized. The end- 
product would be limited only by the assortment of a-keto acids available 
at the site of peptide 53^ thesis. 

The mechanism given in (II) is consistent with the results of Schoen- 
heimer and his collaborators (15) in which isotopic nitrogen of a dietar3' 
amino acid was found in other amino acids of the body proteins. The 
protein molecule may be visualized as splitting at one peptide bond and 
the amino group so liberated ma3' be removed by oxidative deamination, 
giving rise to an Q;-ketoac3'l polypeptide. Reamination of the latter, either 
by transamination or by a reductive amination, followed b3' reformation 
of the peptide linkage would lead to a protein containing a nitrogen atom 
from some other source. 

Reduction of oxime 

. . . NHj 

QQ COOH Itcdaction of imine^ | R' — CO — COOH 

Transamination”" R-CH-COOH ' 


NH, 

R — CO — CO — J\H Repetition of 1 Acylation 

1st step CO NH 


R— CH— COOH 


R— CH— COOH 


(ID 


This hypothesis for biological peptide S3mthesis would complement the 
classical conception of s3mthesis by the formation of peptide linkages from 
the amino acids already present in these systems. The two processes may 
be pictured as interlocking, so that certain stages in the S3’nthesis of a 
given peptide chain may be accomplished by one process while other stages 
are accomplished by the second process. Which process would prevail 
at any given stage would depend entirety on the availabilit3' of the requisite 
intermediates as amino acids or as keto acids. 


experimental’ 

dl-Carbobenzoxyalanylalanine — An alkaline solution of alanylalanine was 
prepared from rfj-alanine anhydride by the method of Fischer and liiautzsch 

* All melting points reported are corrected. 
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(12). Alanine anhjnlridc (8.1 gm.) was dissolved in 95 cc. of warm water. 
The clear solution was cooled to room lemiicrature, treated with G5 cc. 
of normal aqueous sodium hj-droxide solution, and allowed to stand at 
room temperature for 51 hours. A(. (his time the solution was chilled in 
an ice bath and with continuous .stirring and cooling was treated with 72 
cc. of norm.al sodium hydroxide and 12 cc. of benzyl chlorocarbonatc added 
alternately, each in six equal ])ortions, during 20 minutes. Vigorous stir- 
ring and cooling were continued for 20 minutes after the last addition. 
The slightly turbid reaction mixture was treated with decolorizing charcoal, 
filtered, and the clear filtrate m.adc distinctly acid to Congo red by addition 
of concentrated hydrochloric acid. The product precipitated as an oil 
which quickly solidified on cooling and scratching. The yield of cnidc 
product after filtering by suction and washing with cold water was 10.5 
gm. (G3 per cent). 

The crude material was subjected to fractional cr 3 ’stallization first from 
watex, when it was observed that a considerable degree of separation could 
be attained bj' removing the material which ciystallizcd on p.artial cooling 
of the hot solutions. A lower melting racemate which seemed to be present 
in larger quantity separated first from hot atiueous solutions. However, 
as this matcri.al was removed, a higher melting racemate was concentrated 
in the residual fractions. The latter appeared to have a lower solubility 
in water and separated first from hot solution upon rccrj’stallization of 
the residual fractions. In this waj’ about 2.3 gm. of fractions rich in the 
lower melting racemate, Fraction A, and 1 gm. of crude high melting race- 
mate, Fraction B, were obtained. Bj' applying a similar technique to 
intermediate fractions but using cthjd acetate as the solvent 1.5 gm. 
further, Fraction A-1, of the lower melting product were obtained. Re- 
crystallization of the two fractions, A and A-1 , from cthjd acetate and from 
water gave a total of 3.2 gm. of Fraction A, m.p. 144.5-145.5°, whose melt- 
ing point remained constant and which gave no other fractions upon re- 
crystallization from cither solvent. 

Analysis — CiJIisNjOs. Calculated, N 9.5; found, N 9.0, 9.5 

The second crude raccm.atc, Fraction B, melted at 151-15G° and reached 
a constant melting point after seven reciystallizations from water. The 
yield of pure Fraction B, m.p. 1G8-1G9° with sintering at 1G5°, was 0.4 gm. 

Analysis — ChHuNjOs. Calculated, N 9.5; found, N 9.0, 9.7 

Fraction A crystallized from water as a cottony mass of long, slender 
needles and from ethyl acetate as tufts of small needles. Fraction B 
crystallized from water as coarse, well defined needles. Both substances 
were easily soluble in methyl and ethyl alcohols, less soluble in cold ethyl 
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acetate (about 2 per cent) and cold water (about 1 per cent), and even less 
soluble in hot benzene, toluene, carbon tetrachloride, or ligroin. They 
could be precipitated in crj'stalline form bj’^ careful addition of ligroin to 
their solutions in ethyl acetate. 

A certain amount of material accumulated in several small fractions, C, 
which crj'staliized from water as long needles, frequen% in bunches, m.p. 
133.5-135°. These fractions resisted separation into components even on 
ciystallization from ethyl acetate-ligroin mixtures or from hot toluene in 
which they were slightly soluble at the boiling point. 

Analt/sis — C hHuNiO*. Calculated, N 9.5; found, N 9.5 

One of the three fractions was probably a mixture of the other two, 
either as a molecular compound, a solid solution, or possibly a fortuitous 
mixture of such composition as to compensate differences in solubilities. 
To determine which fractions represented pure components, equal amounts 
(IS rag.) of each of different pairs (Fractions A and B, A and C) were mixed 
and recrystallizcd from water. Both mixtures melted over a wide range, 
Fractions A and B at 135-144° and Fractions A and C at 135-141°, indi- 
cating that, whereas Fractions A and B were probably pure racemates. 
Fraction C was either a solid solution or a mixture. 

Tramaminalion with Pynwylalaninc and a-Aminophenylacclic Acid — 
Pyruvylalanine was prepared by the procedure of Shemin and Herbst (10). 
A solution of 3.18 gm. (0.02 ji) of df-pyruvylalanine in 200 cc. of water was 
boiled under a reflux with 3.02 gm. (0.02 m) of di-a-aminophenylacetic 
acid for 23 hours in an atmosphere of nitrogen. The presence of carbon 
dioxide in the nitrogen after passage through the apparatus -was demon- 
strated qualitatively. At the end of the reaction period benzaldehyde was 
removed from the reaction mixture by steam distillation and isolated as 
the phenylhydrazone. The benzaldehyde phenylhydrazone after reciys- 
tallization from 60 per cent ethanol had a melting point and mixed” melting 
point of 154-155° with decomposition. The yield was 1 gm; the reaction 
must have proceeded to at least 25 per cent of completion. 

After removal of the benzaldehyde, unchanged aminophenylacetic acid 
was removed by filtration of the chilled solution. The residue left, upon 
evaporation of the filtrate to dryness under reduced pressure on a warm 
water bath, was extracted first with w'arm acetone to remove unchanged 
pyruvylalanine and then with 40 cc. of cold water in fi-ve portions. The 
aqueous extract was made just alkaline to litmus by addition of 4 n sodium 
hydroxide solution and treated with 3 cc. of benzyl chlorocarbonate in 1 
cc. portions. During the addition of the chlorocarbonate the reaction 

’ Mixed melting points were always determined simultaneously by placing the sub- 
stance to be identified, the authentic sample, and their mixture in the same bath. 
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mixture was shaken thoroughly, cooled, and kept alkaline by the occasional 
addition of 4 n sodium hydroxide solution. On completion of the reaction, 
the mixture was shaken with a little charcoal, filtered, and the clear filtrate 
made distinctly acid to Congo red by the careful addition of concentrated 
hydrochloric acid. The product separated as an oil which solidified com- 
pletely after several hours of chilling and scratching. The yield of cnide 
jiroduct was 1.9 gm. 

To remove any carbobcnzoxy-df-alaninc which might be present, the 
crude product was dissolved in 20 cc. of boiling benzene. When the solu- 
tion was cooled, 1.3 gm. of crystalline material melting over a wide range 
were deposited. When this material was recryslallized from 5 cc. of ethyl 
acetate, about 200 mg. of Avell crystallized material, m.p. 153-156°, sepa- 
rated slowly. jVfter .seven rcciystalliz.ations from water 53 mg. of this 
material were recovered in the form of well formed, coarse needles, m.p. 
167-167.5°, showing no deprcs.sion when mixed with Fraction B. 

Analysis — CuHuN.Oi. Calciil.'vtcd, X 9.5; found, X 9.5 

Careful fractional ciystallization of the remaining material from ethyl 
acetate, ethyl acetatc-ligroin mixtures, water, and toluene led only to the 
isolation of about 100 mg. of carbobonzoxy-dbalanine, m.p. 114-115°, and 
a small amount (40 mg.) of a carbobenzoxyalanyl.alanine fraction, m.p. 
133-135°, showing no depression when mixed with Fraction C above. 

Analysis — CiJIijNjOj. Calculated, N 9.5; found, X 9.G 

SUMMARY' 

1. df-Alanylalanine has been sjmthesized from pyruvylalaninc by transa- 
mination in a model system with a-aminophenylacetic acid acting as the 
amino group donor. The product was isolated as the carbobenzoxy 
derivative. 

2. The preparation of the diastereoisomeric racemates of carbobenzoxy- 
di-alanyl-df-alanine from alanine anhydride is described. 

3. A scheme for the biological .synthesis of peptide chains from non- 
amino acid precursors iuYmlving two simple reactions, amination and 
acylation, is suggested. 
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THE METABOLISM OF d-LYSINE IN\^TIGATED WITH 
DEUTERIUM AND HEA^W NITROGEN* 

Bt S. RATNER, NOR3SIAN ^YEISSMA1^, and RUDOLF SCHOEXHEIMERt 

(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 

(Received for publication, December 29, 1942) 

It has been recognized for some time that the ability of j'oung rats to 
utilize for growth certain stereochemically unnatural amino acids must 
be associated with physiological conversion to the natural configuration 
(see the discussion in (1, 2)). The mechanism bj" which this is accom- 
plished in vivo has been demonstrated directly in full gi-own animals. In 
one case, when d-a-amino-y-phenj’lbutyric acid containing marked nitro- 
gen in the amino group was fed to rats, it resulted in the excretion of the 
acetylated natural form in which the marked nitrogen had been replaced 
by normal nitrogen (1). In another case, when d-leucine containing N‘® 
in the amino group and deuterium attached to the carbon chain was 
administered, the natural leucine isolated from the tissue proteins con- 
tained deuterium but practically no N*\ During the process of inversion, 
deamination and reamination had occurred, resulting in replacement of 
the original nitrogen (2). 

The reversible deamination of both natural and unnatural amino acids 
is now regarded as a rapid and general process in the intact organism, but 
little is known of the behavior of d-lySine. The metabolism of the natural 
form of lysine is apparently unique in character. YTien 1-lysine contain- 
ing deuterium attached to the carbon chain and N'^ in the a-amino gi-oup 
was fed, the ratio of deuterium to N** in the lysine isolated from the body 
proteins was the same as that in the supplement (7). It was evident that 
the dietary lysine deposited in protein had not undergone reversible deamina- 
tion. However, the presence of N‘^ in other amino acids of the tissues and 
in the excreta indicated that a considerable fraction of the isotopic Ij-sine 
had been degraded, and it was suggested as one of several possibilities that 
the absence of nitrogen replacement in the a-amino group might be due to 
failure of the keto acid to be reaminated, once this nitrogen has been 
removed. The failure of a-hydroxi'-c-amino-n-caproic acid to support the 
growth of immature rats on a lysine-free diet (3) and the observation (4) 
that a keto acid is excreted by rats when 1-lysine is added to a protein- 
free diet suggest a similar possibility. 

• This work was carried out with the aid of grants from the Rockefeller Foundation 
and the Josiah Macy, Jr., Foundation. 

t Died, September 11, 1941. 
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Recognition of n separate amino oxidase s^’^stem which attacks only the 
unnatural amino acids makes it apparent that the metabolic behavior of 
one form of an amino acid cannot be predicted from that of its antipode. 
f-Glutamic acid is reversibl}’- deaminated with great speed, both in vivo' 
and in vitro (5) ; j’’ot a largo fraction of the unnatural form is found in the 
urine unchanged with respect to original nitrogen (0), On the other hand, 
both (i- and /-leucine and d- and Z-tj'rosine, when fed in small amounts, 
arc deaminated with equal case. 

The resolution by Weissman and Schoenheimer (7) of isotopic f//-lysino 
containing deuterium attached to the carbon chain and N''^ in the a-amino 
group provided the unnatural isomer employed for the present investiga- 
tion. Wien administered to growing rats" as a dietary supplement in 
small amounts under the same conditions ns those previously employed, 
f/-l 3 'sinc containing the original concentrations of deuterium and N'® was 
found in the urine. 

Distributiori of in Urinary Nitrogen — When the metabolic course of 
dietarj' nitrogen is followed the administration of isotopic amino acids 
such as gl.ycinc (8), /-leucine (9), d-lcucinc (2), f//-tj'rosinc (10), or /-Ij-sinc 
(7) containing in the a-amino group, part of the marked nitrogen was 
found in the urine. In all these experiments the concentration of N’* in 
the total urinarj' nitrogen was about the same as that in the urea. This 
was to be expected, since urea normallj’ comprises 80 to 90 per cent of the 
total urinary nitrogen. The N’‘ concentration of other urinary constitu- 
ents such as ammonia and creatinine, though not identical with that of 
urea, hardly altered the average value of excreted nitrogen which the 
concentration of the total urinary' nitrogen represents. /\s thej’ were 
present in small amounts, their content of both normal and isotopic 
nitrogen constituted onlj’ a small fraction of the total. The data arc given 
in Table I for comparison with results obtained on feeding isotopic d-lj-sine. 
In the latter case, the concentration in the total nitrogen is much higher 
than in the urea, indicating that a fraction of nitrogen, of vcr.v much higher 
isotope concentration, has been e.xcrctcd in a form other than urea. It was 
suspected that the isotope might be located in h’sine excreted unchanged 
in the urine. This v'as found to be the case. 

Isolation of d-Lysine from Urine — Lj-sinc was isolated from the urine 
by precipitation with phosphotungstic acid and purified bj' rcciystalliza- 
tion of the dihj'drochloridc. A fraction of the isolated material was 
converted to the dibenzojd derivative for deuterium analj'sis. This mate- 
rial proved to be the unnatural form containing the same concentration 

' Unpublished data. 

= As in the experiment with /-lysine, young animals were employed in order to 
obtain conditions of maximum amino acid demand. 
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of and deuterium as the compound which was fed. There can be little 
doubt that the amino acid was excreted as such, as the isolation procedure 
was unlikely to hydrolyze any but the most labile linkage. 

Lysine in Tissue Proteins — The d-lysine employed for feeding was 
synthesized so as to contain deuterium stably bound in the |3, y, and 5 
positions. If after ingestion reversible deamination and inversion had 
occurred, permitting utilization of the original carbon chain for amino acid 
synthesis, deuterium, but not N“, would be present in the lysine of the 
body proteins. However, the l 5 'sine isolated from the rat tissues was 
found to be of natural configuration and contained neither deuterium nor 
N’®. Failure to utilize the carbon chain of ingested d-lysine is in entire 
agreement with the results obtained after the natmral form is fed, for 

Table I 

Concentralion of in Total Nitrogen and Urea of Urine after Feeding Isotopic Amino 

Acids 

The values are calculated on the basis of 100 atom per cent N'* in the compound 
administered. 


Amino acid administered 

N“ concentration 

ID urea nitrogen 

N“ concentration in 
total urinary nitrogen 


otom per cent 

alem per cent 

Glycine 

2.7 

2.8 

i-Leucine 

2.4 

2.3 

<i-Leucine 

4.3 

4.8 


3.4 

3.4 

f-Lyfiine 

2.4 

2.1 

d-Lysine 

1.0 

5.8 


unless reamination of the intermediate keto acid can take place, inversion 
does not occur. 

Distribution of Ingested Lysine Nitrogen — Most of the (69 per cent) 

was found in the urine (Table II). Though an appreciable fraction of the 
ingested d-lysine was excreted, some degradation had occurred, resulting 
in the utilization of ingested isotopic nitrogen. 21 per cent of the adminis- 
tered isotope was found in the tissue proteins and was present in amino 
acids other than lysine (Table III). Only 5.5 per cent was present in the 
non-protein nitrogen fraction. The fraction found in the feces was small 
(1.5 per cent), indicating that the material was well absorbed. 

A rough estimate of the amount of unchanged d-lysine e.xcreted may be 
made on the assumption that of the total urinary nitrogen, approximately 
80 per cent is urea and 10 per cent is ammonia. These urinary constitu- 
ents, which contained 0.046 and 0.189 atom per cent N’® respectively, 
account for 19 per cent of the added to the diet. The remaining N'“ 
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in the urine (50 per cent of the totnl fed) probably exists mainly ns d-lysinc, 
of which 895 mg. should be present. Approximately one-third of this 
amount. Avns recovered in pure form. No attempt was made to obtain a 
high yield during the isolation procedure; the aim Avns to secure material 
of sufhcicntly high inirity for isotope nnaly.sis. 

Tatii.k II 

lialmicc of Nitrogen Isotope after Feeding Isotopic d{—)-Lgsinc 
Tlic vnlun.s arc ralciilatctl from the total nitroRcn of the fraction.-) and their isotope 
concentrations. 



Fraction of adminislcrctl 

Ni» recovered 


per cent 

Feces 

1.5 

Urine 

69.1 

Non-protein nitrogen 

Protein nitrogen 

5.5 

21.4 

Total isotope recovered ... 

97.5 


Tahi.k III 

iV's Concentration in Protein Constituents from Pats Giecn Isotopic d{—)-Lysine 
The values are calculated for an isotope concentration of 100 atom per cent in the 
a-nmino group of tlie administered compound. The error of these values is ±0.07 
per cent. 


Compound isolated 

X*' concen* 1 
t ration | 

Compound isolated 

N** concen- 
tration 


alom \ 

per tent i 


atffn 

percent 

Total protein 

0.31 1 

Aspartic acid 

0.31 

Amide N j 

0.59 1 

Glutamic " . . , . 

0.22 

Arginine 

0.24 

Lysine 

1 

0.09 


EXPERIMENTAL 

Details of the preparation of the isotopic d-lysinc have been published 
(7). The dihj-drochloridc contained 0.9 atom per cent deuterium (cor- 
responding to 7.9 atom per cent in the lysine itself) and 2.2 atom per cent 
N*® excess. As the N'® was present in the a-amino group only, this group 
had an isotope concentration of 4.4 atom per cent excess. It contained 
12.6 per cent N by Kjeldahl analysis (theory for CcHieNsOjCl;, calculated 
for 7 atom per cent deuterium, 12.7 per cent). 

(«]” = -15.7° (2.9% in H,0) 
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Feeding Experiment — Three j'oung male rats having a combined weight 
of 311 gm. consumed 135 gm. of stock diet containing 1.79 gm. of isotopic 
lysine dihydrochloride over a 4 day' period. The latter was added to the 
dailj^ food allotment as a solution along with 2 equivalents of sodium 
hydroxide. An amount of sodium chloride equal to that supplied in the 
supplement was omitted from the usual salt mixture. Urine and feces 
were collected quantitatively in metabolism cages. At the end of the 
experimental period the combined weight of the animals was 354 gm. 

Analysis of Excreta — The combined feces were dissolved bj^ digestion in 
hot concentrated H 2 SO< and aliquots emploj'ed for analy^sis. The feces 
contained 330 mg. of N having 0.024 atom per cent N'^ excess. The pooled 
urine of the first 3 days contained 1.428 gm. of nitrogen ha\’ing 0.216 atom 
per cent N'* excess. The last daj^’s urine, which was treated separately, 
contained 169 mg. of nitrogen \vith 0.256 atom per cent excess. Urea, 
isolated as the di.xanthydryl derivative, had 0.046 atom per cent N’® and 
6.7 per cent N (theory^ 6.7 per cent N). A sample of ammonia was ob- 
tained by treatment with permutit and subsequent distillation. It had 
0.189 atom per cent N'®. 

Isolation of d-Lysine from Urine — ^After the removal of samples for 
analy'sis, the urine of the entire period was combined, concentrated in vacuo 
to 35 cc., and treated with mercuric acetate and sodium carbonate, accord- 
ing to the directions of Neuberg and Kerb (11). Mercury' was removed 
from the insoluble fraction by treatment with HzS and the lysine precipi- 
tated by phosphotungstic acid. This precipitate was decomposed by 
extracting the suspension in dilute HCl with butyl alcohol-ether mi.xture 
in the usual manner. The aqueous lay'er was concentrated to a syTUp 
and taken up in 10 cc. of alcohol. Insoluble material was removed by 
filtration and 30 cc. of acetone were slowly' added to the filtrate. The 
crystalline mass which formed on standing was recry'stallized three times 
in a similar manner by dissolving in a few drops of water, adding 5 cc. of 
.alcohol, and finally 15 to 20 cc. of acetone. The resulting 289 mg. of 
purified lysine dihy'drochloride contained 12.6 per cent N (Kjeldahl) and 
2.23 atom per cent N’®. 

(al!,‘ 15.9' (2.2% in HiO) 

Part of this material was converted to dibenzoyllysine, which, after recry'S- 
tallization once from water and twice from acetone, melted at 149-150°. 
It contained 7.75 per cent nitrogen by' Kjeldahl analy'sis (theory' 7.9 per 
cent) and 5.08 atom per cent deuterium which corresponds to 7.00 atom per 
cent deuterium for lysine dihydrochloride. 

Isolation of Amino Acids from Body Proteins — The intestinal contents 
Were removed, and the -whole animals were minced and e.xtracted with 6 
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per cent trichloroacetic acid in the usual manner. The extract, constituU 
ing the non-protein nitrogen fraction, contained 1.025 gm. of nitrogen and 
0.027 atom per cent N'^ excess. The protein residue was Iwdrolyzed in 
boiling 20 per cent HjSO^ for 24 hours and the acid removed by neutraliza- 
tion with Ba(OH) 2 . The hj'drolj’satc contained 7.G9 gm. of nitrogen and 
0.014 atom per cent N'® excess. 0.23 gm. of amide nitrogen containing 
0.027 atom per cent N'® was removed by distillation in vacuo in the presence 
of excess Ba(OH) 2 . Glutamic and aspartic acids, precipitated as the 
barium salts, were isolated as copper aspartate containing 7.10 per cent N 
(Kjeldahl) and 0.014 atom per cent N*^ excess and glutamic hydrochloride 
containing 7.G0 per cent N and 0.010 atom per cent excess. Arginine 
was isolated as the flavianatc and converted to the p-tolucnesulfonyl 
derivative. This melted at 2G0-2G1° with decomposition; it contained 
14.8 per cent N (Kjeldahl) (theory 14.7 for Cian;o 04 N 4 S- 3 H 20 ) and 0.011 
atom per cent 

Lysine and histidine were precipitated by means of phosphotungstic 
acid and the precipitate decomposed. Histidine was precipitated with 
HgCh at pH 7 (12); lysine was isolated from the supernatant as the dihy- 
drochloride and purified as described above. 425 mg. were finally ob- 
tained. 

[a\^ = -blS.S'’ (2.97% in H.O) 

N 12.7 per cent (Kjeldahl) contained 0.004 atom per cent 

Part of the material was converted to the dibenzoyl derivative for deute- 
rium analysis. It contained 7.82 per cent N (Kjeldahl) and 0.02 atom 
per cent deuterium. 


DISCUSSION 

Although the excretion of rf-Ij'sinc has not been reported previously, 
the appearance of other unnatural amino acids in the excreta of normal 
animals is well known. Wohlgemuth (13) found in 1905 that rabbits 
excreted d-tyrosine, d-glutamic acid, d-leucine, and d-aspartic acid when 
these amino acids were given in racemic form. Both the dog (14) and the 
cat (15) have been found to behave similarly with respect to tyrosine. 
However, it appears from the data in Table I that the rat can deaminate 
both d-tyrosine and d-leucine adequately when these amino acids arc 
offered in moderate amounts. Similar results were also obtained with d- 
aspartic acid.* Apparently excretion of these three amino acids occurs 
only when the existing mechanism is overwhelmed by an excessive supply. 
The ability of the rat to deaminate d-lysine appears to be more restricted,’ 

’ d-Glutamic acid was also found to be largely excreted (6) and should be classified 
with lysine in this respect. 
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for when given in approxunately the same moderate amonnt as the other 
isotopic amino acids (19 mg. of lysine nitrogen per rat per day, correspond- 
ing to 6 per cent of the dietarj' nitrogen) at least half of the original mate- 
rial was excreted. It is probablj' pertinent that d-l 3 'sine has been found 
to resist the action of d-amino o:ddase (16, 17). 

Since in the present experiments was found in urea and ammonia 
and in the proteins of the tissues, some degradation of dietary d-lj'sine 
must have occurred, but the deaminative activity^ of the liver and Iddnej' 
toward d-lysine can be only slight. Transfer of nitrogen via transamina- 
tion is hardly likelj', since this enzyme system exhibits only negligible 
actiritj’ toward the unnatural amino acids (18). 

In anj' case, the present experiments show that the extent to which 
d-lj’sine is broken down bj’ the rat is highly limited. 

It is to be expected, in general, that the rate of deamination of the un- 
natural amino acids will affect their availability for growth or maintenance. 
Although most of the essential amino acids can support the growth of rats 
when supplied in the unnatural form, d-leucine (19) and d-lysine (3, 20) 
are exceptions. The respective reasons for this exceptional behavior, 
however, are different. The deamination and inversion of d-Ieucine has 
been found to occur in adult rats (2) but the rate of this process is evi- 
dently insufficient to supply the whole growth requirement. On the other 
hand, the limiting factor in the case of d-lysine appears to be the non- 
reamination of the keto acid rather than its slow rate of appearance; 
the carbon chain is completely unavailable. 

SUMMART 

1. Isotopic d(— )-lysine containing heavy nitrogen in the a-amino group 
and deuterium attached to the carbon chain was administered for 4 days 
in small amounts to young rats by addition to the stock diet. 

2. Approximately half of the ingested amino acid was excreted in the 
urine. Optical rotation and isotope analyses of the isolated material have 
shown it to be identical with the ingested compound. 

3. A fraction of the administered d(— )-lyEine was broken down with 
loss of the a-amino group. This marked nitrogen appeared parity (19 per 
cent) in the urine, as ammonia and urea, and partly (21 per cent) in various 
amino acids of the tissue proteins. 

4- l(-l-)-Lj’-sine isolated from the tissue proteins contained neither 
deuterium nor heavy nitrogen, indicating that the carbon chain of d(— )- 
tysine is unavailable for protein synthesis. The inability of the rat to 
convert d-tysine to tysine having the natural configuration is in harmonj' 
vith the prevdous observation that Z-lysine is not regenerated in vivo by 
reamination of its breakdown products. 
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A COLOR REACTION FOR METHIONINE 


By LOUIS H. SOFIN, HAROLD ROSENBLUM, and ROBERT C. SHULTZ 
(From the Analytical Laboratory of Merck and Company, Inc., Rahway, New Jersey) 

(Received for publication, November 17, 1942) 

Because of the increasing research on the role of the amino acids, their 
preparation in pure form is of primary importance. In establishing the 
purity of a compound, it is often desired to determine the absence of a 
specific contaminant. Methionine, an impurity likely to be present in 
commercial Heucine derived from natural sources, has been found to give 
a j'ellow color with a saturated solution of anhj'drous cupric sulfate in 
concentrated sulfuric acid. This color reaction resembles that previously 
reported by Kolb and Toennies,* who obtained a pale yellow to deep brown 
color, according to the concentration of methionine, with a solution of 
cupric chloride in concentrated hydrochloric acid. Because of the inter- 
fering color of the cupric chloride-hydrochloric acid reagent, the sensi- 
tivity of their test is relatively low. Kolb and Toennies state that cupric 
chloride solutions in concentrated sulfuric, perchloric, or acetic acid do 
not produce a color with methionine. 

Cupric Sulfale-Sulfuric Acid Reagent — ^The reagent may be prepared by 
wanning a slight excess of anhydrous cupric sulfate with concentrated 
sulfuric acid, cooling to room temperature, and allowing to settle. The 
clear, colorless, supernatant liquid is used. 

One batch of the reagent made from sulfuric acid containing 96.3 per 
cent HjSOi and from anhydrous copper sulfate (98.1 per cent CuSOj on 
analysis) was found to contain 1.1 mg. of CuSOj per ml. at 25°. A second 
batch prepared from the same anhydrous copper sulfate but with other 
sulfuric acid, which assayed 95.8 per cent HiSOi, contained 1,3 mg. of 
CuSOi per nd. 

Sensitivity — ^It was found that the minimal concentration of methionine 
which can be detected visually with certainty is 0.1 mg. per ml. of reagent. 
In a volume of 1.0 ml. of the reagent increments of 0.1 mg. can be differ- 
entiated up to the level of 1.0 mg. of methionine. In the range of from 
1.0 to 2.0 mg., it is possible to distinguish increments of 0.2 mg., and as 
the methionine concentration increases further, the increments that can 
be differentiated become greater. 

Procedure for Detecting and Estimating Methionine in l-Leucine — Place 
100 rag. of the sample of Z-leucine in a small test-tube (3 inch) and add 
1.0 ml. of the reagent. Shake or mix with a small stirring rod to facilitate 

‘ Kolb, J. J., and Toennies. G., J. Biol. Chem., 131, 401 (1939). 
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solution. If the resulting solution shows no yellow color when compared 
with a blank, it may be concluded that less than 0.1 mg. of methionine 
is present or less than 0.1 per cent on a percentage basis. The formation 
of a yellow color, however, indicates the presence of methionine. 

It was found by preparing a series of standards with and without leucine 
that the yellow color produced by methionine is intensified in the presence 
of leucine. The color of 0.2 mg. of methionine plus 100 mg. of leucine in 
1 ml. of the reagent matches that of 0.3 mg. of methionine in 1 ml. of the 
reagent without any leucine. 0.6 mg. of methionine plus 100 mg. of 
leucine matches approximate^' 1.1 mg. of methionine without leucine; 

1.2 mg. of methionine plus 100 mg. of leucine, about 2.5 mg. of methionine 
mthout leucine; and 1.8 mg. of methionine plus 100 mg. of leucine, about 

3.3 mg. of methionine without leucine. In compensation for the intensi- 
fication of color due to leucine, standards prepared for matching the 3 ’ellow 
color must contain a quantity of methionine-free leucine equal to the 


Table I 

Dctcrminalion of ^[clhionine Content of Unknowns 


Unknown No. 

Mclhtonme content 

Found by 

Chemist A 

1 Chemist B 


P(r (€nt 

per cent 


ftr ten 1 

1 

0.2 

0.25 


0.2 

2 

0.8 

0.8 


0.8 

3 

1.6 

1.5 


1.5 


weight of the sample taken. Synthetic rfMcucine, previously shown to 
dissolve in the reagent without anj' color, maj' be used for this purpose. 

Using a standard solution of methionine in the reagent containing 2.0 mg. 
of methionine per ml., prepare the necessaiy standards for matching the 
color produced bj' the sample. Each standard contains 100 mg. of dl- 
leucine (or methionine-free Meucine), and a known volume of the standard 
methionine solution, plus a volume of the reagent to make the final volume 
1.0 ml. Bj' spacing the standards at intervals of 0.1 ml. of the standard 
solution (0.2 mg. of methionine), the methionine content of the sample of 
Z-leucine can be estimated to within 0.1 mg. or within 0.1 per cent on the 
basis of a 100 mg. sample. If the methionine content of the Heucine is 
more than 2.0 per cent, a smaller sample, c.g. 50 mg., should be used with 
a corresponding reduction in the amount of dWeucine in the standards. 
If the methionine content is less than 1.0 per cent, it can be determined 
within 0.05 per cent bj' the use of a standard solution containing 1.0 mg. 
of methionine per ml., the standards being prepared at increments of 0.1 mg. 
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To illustrate the results that can be obtained, we list (Table I) the values 
obtained by two chemists on three unknowns prepared from S3mthetic 
dWeucine and di-methionine. 

Selectivity — ^The reagent reacts with halides and, therefore, we converted 
the hj'drochlorides of arginine, histidine, and l3'sine to the .sulfates before 
determining whether or not these amino acids produce an3^ color with 
the reagent. 

The following amino acids were found to give no reaction with the 
reagent: alanine, arginine (sulfate), aspartic acid, cystine, glutamic acid, 
glycine, histidine (sulfate), hydroxyproline, isoleucine, leucine, lysine 
(sulfate), norleucine, phenylalanine, proline, serine, threonine, valine. 
Tryptophane gives a bright yellow color with a slight fluorescence; tyrosine, 
a 3'ellow color of lesser intensity and different shade from that given by 
methionine. Satisfactory tests are available for the detection of both 
tr3T5tophane and tyrosine, and their presence or absence in a sample of 
Z-leucine to be tested for methionine can be determined. In the purifica- 
tion of Z-leucine, tr3'ptophane and t3wosine do not present the same diffi- 
culty as methionine. The two amino acids containing iodine, diiodo- 
tyrosine and thyroxine, decompose when treated with the reagent, but 
these are not likely contaminants of Z-leucine because of their limited 
occurrence. 

SUMMARY 

Methionine gives a 3'ellow color with a saturated solution of anh3'drous 
cupric sulfate in concentrated sulfuric acid. This color reaction can be 
used for the detection and estimation of methionine in Z-leucine. 0.1 mg. 
of methionine can be detected in a volume of 1.0 ml. of the reagent, corre- 
sponding to 0.1 per cent methionine on the basis of a sample of 100 mg. 




THE PREPARATION AND COMPARATn^E PHYSIOLOGICAL 
ACTIVITIES OF BEEF. HOG, AND SHEEP ADRENAL 
CORTEX EXTRACTS 

Bt MAEVm H. KUIZENGA, ARNE N. WICK, DWIGHT J. INGLE, 
JOHN W. NELSON, and GEORGE F. CARTLAND 

{From the Research Laboratories, The Upjohn Company, Kalamazoo) 
(Received for publication, December 21, 1942) 

Our knowledge of the chemical and physiological properties of com- 
pounds occurring in the adrenal cortex is based on investigations con- 
ducted almost exclusively wth extracts and isolation products of beef 
adrenals. More than twenty-five pure steroids have been isolated but 
only a relatively few have been found to be biologicall}’' active. The 
amounts and proportions of active steroids present in the adrenals of 
different species have not been thoroughly determined. We are at present 
engaged in the fractionation of adrenal cortex extracts prepared from beef, 
hog, and sheep glands. This report is concerned with the preparation of 
extracts from each of these species and with a comparative study of their 
biological activities. 

The preparations were assayed in adrenalectomized rats by the follow- 
ing tw'o methods: (a) The sundval-growth test, as previously reported 
from this laboratory (1), is a useful method for determining the complete 
cortical hormone activity of the w'hole extracts. All of the known steroids 
which have the property of replacing, at least in part, the functional activity 
of the adrenal cortex have been foimd active by this test. (6) The work 
performance test in adrenalectomized rats is believed to be specific for the 
11-oxygenated sterols which affect carbohydrate metabolism. The previ- 
ousl 3 ^ described method (2, 3) has been modified for the purpose of quanti- 
tative assaJ^ A detailed description of the apparatus and procedures 
vail be published in a separate paper. 1 unit of acti^ty is defined as the 
work equivalent of 0.2 mg. of 17-hj'droxy-ll-dehydrocorticosterone. 

experimental 

The hog, beef, and sheep glands were collected and frozen at the packing 
house and shipped to the laboratory packed in drj' ice. In each case the 
glands were finely ground while frozen and transferred immediatelj’’ to 
acetone and processed as preiaouslj' described for beef adrenal glands (4). 
For the beef and sheep glands, this procedure, which consists of acetone 
extraction for 6 daj's, filtration from gland residue, evaporation of acetone, 
e.xtraction of the aqueous solution with petroleum ether of boiling point 
60-70°, followed bj- extraction with ethjiene dichloride, jields an extract 

S6I 
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containing between 35 and 45 gm. of solids jjcr 1000 i)ounds of gland 
processed. 

In the attempt to work nji hog adrenals by (his procedure, considerable 
difhculty was encountered because of the c.xcecdingly high content of fat. 
Before concentration of the acetone extract, it was necessary to dilute with 
sufheient water to make a 50 per cent acetone solution. A liquid fat 
fraction separated from this aqueous acetone which was scjiarated by 
decantation. This fat was rccxtractcd -with 40 per cent acetone and (he 
combined aqueous acetone solutions were concentrated in vacuo to remove 
acetone. The aqueous solution was then extracted with petroleum ether, 
followed by extraction with ethylene dichloride to obtain the active frac- 
tion. The ethylene dichloride-soluble material was transferred to 05 per 
cent alcohol and more fat and cholesterol were removed by extraction of 
aqueous alcohol solutions with petroleum ether, which was done first from 
70 per cent ethyl alcohol, then from 50 per cent methyl alcohol, and finally 
from 30 per cent methyl alcohol. In the case of the beef extract the 
distribution between 30 iier cent methanol and petroleum ether resulted in 
all the material remaining in the 30 per cent methanol layer. The hog and 
sheep extracts, however, were not completely free of fat until distribution 
was carried out between 30 per cent methanol and petroleum ether. Tlie 
dilute methanol solutions free of petroleum ether-soluble material were 
concentrated to remove alcohol and the cloudy atjucous solutions were 
extracted with ethyl acetate. Acidic and basic substances M’erc removed 
by washing the ethyl acetate solution with sodium carbonate followed by 
0.5 N IICl and distilled water as earlier described (5). 

Results 

The entire fat fraction from hog gland amounted to about 175 pounds 
per 1000 pounds of gland, whereas the beef and sheej) fat fractions weighed 
only 20 pounds per 1000 pounds of gland processed. The ethylene di- 
chloride extract of hog gland also contained 10 times as much gland extrac- 
tives as either the sheep or beef extract. 

The results of the fractionation with particular reference to the amount 
of solids at the various steps, beginning with the ethylene dichloride 
solution, are simimarized in Table I. 

In Table II the comparative biological activities of the different frac- 
tions by the two assaj^ methods are recorded. In order to present data on 
the recovery of activit5' after removal of acidic and basic material, assaj's 
of the 30 per cent methanol solutions are also given. The biological 
activity is given in units by the muscle contraction test of Ingle, in which 
1 unit is equivalent to 0.2 mg. of 17-hydroxy-ll -dehydrocorticosterone, 
and in units by the survival test, in which the unit, as previously defined 



KTOZEKGA, WICK, INGLE, NELSON, CASTLAND 


563 


(1), is the minimum amount of hormone necessary to maintain 80 per cent 
of adrenalectomized 4 week-old rats for an injection period of 20 days and 
produce an average growth per rat of at least 20 gm. over this period. All 
assay samples were made up in sesame oil and the volume of oil injected 
was between 0.1 and 0.2 cc. per day in the sundval test and 1.0 cc. in the 
muscle contraction test. 

As can be seen from Table II, the biological actiidtj' of the hog extract 
was considerabl}’ higher than that of the beef or sheep extracts. By the 
suridval test in adrenalectomized rats the hog extract was SO per cent more 
active than the beef e.xtract and 100 per cent more active than the sheep 
exiract. By the muscle contraction test it was found 64 per cent more 
potent than the beef and 89 per cent more potent than the sheep extracts. 
Vam, Taylor, and Pfiffner (6), comparing the 3 'ields of “cortical hormone” 
from 5 pound quantities of gland bj- the dog assay method (7), reported 
that both hog and sheep extracts were about 40 per cent more active than 


Table I 

Comparison of Extracts from 900 Kilos of Beef, Hog, and Sheep Adrenal Glands 


Fraction 

Beef ! 

\ 

Hog 



im. 1 

(m. 

1 

fm. 

Ethylene dichloride 

70 

900 

1 75 

<0% ethanol 

U 

212 

50 

50% methanol 

25 

49 

41 

30% “ 


39 

31 

Neutral ethyl acetate 

18.73 

25.88 

14.82 


beef extracts. Our results bj’ the two different assaj' methods substantiallj' 
conSrm the findings of Vars el al. with respect to the hog extract, but not 
with respect to the sheep extract; the latter was found bj’ us to be some- 
what less active than the beef extract. 

Complete recover}' of actmtj', after removal of acidic and basic material, 
was found bj' both assaj' methods. There was indeed a slight increase bj' 
the muscle contraction test, which was greater for the sheep extract than 
for the hog. We attributed this increase, if significant at all, to the 
removal of toxic constituents. 

The results bj- the muscle contraction test indicate that the high actiritj’ 
^the hog extract is due to its high content oT those adrenal steroids which 
war an oxj-gen atom at carbon atom 11, and which are active in carbo- 
hydrate metabolism. The increased actixdtj' of the hog extracts bj' the 
growth-smdval test maj' therefore also be due to the higher concentration 
01 these compounds. 
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t Ihe sheep extracts were assayed at levels of 12, 8, 6, and 4 gm. equivalents of gland per rat per day. 
of 6 and 4 but were maintained at 12 and 8 gm. equivalents; so that there is 1 unit per 8 gm. of gland. 
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SCMMABY 

Beef and sheep adrenal cortex extracts were prepared by the standard 
procedure previouslj' reported (4). Because of the high content of fat 
in hog adrenal glands, this procedure was modified slightlj' for processing 
these glands. A comparison of the biological activities of these extracts 
was made by both the rat survival test and b 3 ’- the Ingle muscle contraction 
test. It was found that the hog adrenal extract was considerably more 
active by both tests than either beef or sheep adrenal extracts, and it w’as 
concluded that this higher activitj' maj' be due to increased amounts of 
11-oxygenated sterols in the hog extract. 
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THE ACONITE ALIOVLOIDS 

XI. THE ACTION' OF METHYL ALCOHOLIC SODIUM HYDROXIDE ON 
ATISINE. ISO.VTISINE AND DIHYDROATISINE 

By W.ALTER a. JACOBS a.\-d LYMAN C. CRAK! 

(From the Laboratories of The Rochefctlcr Institute for Medical Research, .Void York) 

(Received for publication, December 2S, 19-12) 

We have recently described' the production from the alkaloid atisine 
of a possible dihydroatisine under the influence of saturated methyl 
alcoholic NaOH solution at 100°. Because of the unusual nature of the 
apparent disproportionation of hydrogen which could lead to such a result, 
we have studied the subject further. The more recent results appear to 
have confirmed our original observations and conclusions, and to have 
demonstrated the production of dih 5 ’droatisine in a j'ield of at least 75 per 
cent when atisine is heated for 90 hours with the above reagent. The anal 3 '- 
sis of the hj'drochloride prepared from this supported the formulation 
CziHssOjN-HCl. As additional substantiation, we have again found that 
the base, as well as its hj^drochloride, absorbs only 1 mole of H- to produce 
a mbeture of isomers from which the tetrahj’droatisine melting at 172- 
173° could be fractionated. This substance agreed in all properties with 
the tetrahydroatisine obtained from atisine itself bj" the absorption of 2 
moles of Hj. 

If, how'ever, atisine is subjected to gentler treatment with alkali, it has 
now been found that its transformation can be intercepted at the stage 
of a beautifully crj^stalline isoalisine, C 22 H 33 O 2 N, which melts at 150- 
151° ([a]^ = —16.5° (c = 1.15 in toluene)). This conversion is almost 
quantitu,tive. Isoatisinc hydrochloride ([a]^ = —4° (c = 0.98 in H 2 O)) 
melts with decomposition at 295-299°. Isoatisine, either as the base or 
hj'drochloride, absorbs 2 moles of H 2 on hydrogenation to form a mixture 
from which the above tetrahj-’droatisine can be obtained. 

EXPERIMENTAL 

Dihydroatisine — 1.2 gm. of atisine hydrochloride were sealed in a tube 
with 22 cc. of methanol saturated by heating with NaOH. The mixture 
which congealed at room temperature to a pap of sodium methylate was 
heated at 100° for 90 hours. The diluted mixture was extracted with 
ether, and this after dr 3 dng and concentration 3 ’'ielded 0.62 gm. of cr 3 'stal- 
line base which softened and gradually melted at 144-149°. The mother 
liquor 3uelded 0.2 gm. of a second crop of crystals or in all 75 per cent of 

* Jacobs, W. A., and Craig, L. C., J. Biol. Chem., 143, 589 (1942). 
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the theory. The first crop was dissolved in 6 cc. of 95 per cent alcohol, 
gentl)' warmed, and treated with 4 cc. of water. On seeding, a mass of small 
glistening prisms and rhombs separated which gradually softened to a 
paste above 142° but was not completely melted until 149-151°. 

[“Id = —44° {c = 1.05 in toluene) 

CsiHjsOsN. Calculated, C 7G.46, H 10.22; found, C 76.51, H 10.40 

The hydrochloride was prepared from the base bj' solution in 95 per cent 
alcohol containing an excess of HCl. On addition of ether, it crystallized 
readily as needles which melted with decomposition at 259° (.uncorrected) 
after preliminarj’’ sintering. 

Ci-HjiOjN-HCl. Calculated. C 69.16, H 9.50, Cl 9.29 
Found. “ 69.15, “ 9.63, “ 9.32 

We have previously recorded the behavior of dihydroatisine both as the 
base and the hydrochloride on hydrogenation. This experience was con- 
firmed with the above dihydroatisine. 

0.2 gm. of this material, wlien hj-drogenated in methanol with 50 mg. 
of platinum oxide catalyst, absorbed 12 cc. (or about 1 mole) in excess of 
the catalyst. On recrystallization from methanol, 28 mg. of needleswere 
obtained which melted at 172-173° (uncorrected). 

Wo = — 10° (c = 1.03 in pyridine) 

CjjHjjOjN. Calculated, C 76.02, H 10.74; found, C 75.94, H 10.65 

Tetrahydroatisine obtained from atisine hydrochloride itself by the 
absorption of 2 moles of Hj melted at 172-173° and gave [a]” = — 11° (c = 
0.91 in pyridine). 

Isoalisinc — 5 gm. of atisine hydrochloride were dissolved in a solution 
of 7.5 gm. of NaOH in 125 cc. of methanol. After 11 days, the colorless 
solution was diluted and extracted with chloroform. The latter yielded 
a residue which readily crystallized from dilute alcohol as small, glistening, 
four-sided, or rhombic prisms, wliich melted at 150-151° after preliminary 
softening. The yield was 86 per cent of the theorj\ 

[a]” = — 16.5° (c = 1.15 in toluene) 

CjsHjjOaN. Calculated. C 76.91, H 9.69, N 4. OS 
Found. " 76.85, " 9.43, “ 4.09 

The hydrochloride separated from alcohol-ether as minute, lustrous, 
six-sided platelets, which gradually melted with decomposition at 295- 
299° after preliminary sintering. 

[«]« = -4° (c = 0.9S in H.O) 

CsjHjsO.N-HCl. Calculated, C 69.52, H 9.02; found, C 69.49, H 8.86 



W. A. JACOBS AND L. C. CRAIG 


569 


An almost quantitative conversion of atisinc into isoatisine was accom- 
plished bj’ refluxing for 3^ hours 1 gm. of the hj'drochloride in a solution 
of 3 gm. of KaOH in 40 cc. of methanol. 

On hj’drogenation, isoatisine, both as the base or as the hydrochloride, 
was found to jdeld a mi.xture of tetrahydroatisines as follows: 

0.2 gm. of isoatisine absorbed 2 moles of H* on hydrogenation in methanol 
solution wth platinum oxide catalj’st. The resulting mixture on frac- 
tionation j-ielded 43 mg. of tetrahydroatisine, which melted at 172-174°. 

Cj-HjtOjN. Calculated, C 76.02, H 10.74; found, C 76.04, H 10.57 

0.3 gm. of isoatisine hydrochloride absorbed 2 moles of He in methanol 
solution with platinum oxide catalyst. After recr 3 'stallization of the free 
base isolated from the reaction mixture, 52 mg. of tetrahydroatisine re- 
sulted, which melted at 172-175°. 

[a]” = —10° (c = 1.01 in pyridine) 

Found. 0 76.05, H 10.65; C 76.14, H 10.85 

On further treatment tvith methyl alcoholic alkali as in the case of 
atisine itself, isoatisine was, as expected, converted into the above di- 
hydroatisine. 

The microanalytical determinations, as in the past, have been made by 
Mr. D. Rigakos of this laboratory. 
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XII. BEXZOYL HETEUATISIXE, A XEW ALKALOID FROM ACOXITUM 

HETEROPHYLLUM 

Bv WALTER A. JACOBS and LA'MAX C. CRAIG 
{From the Laboratories of The Rockefeller Institute for Medical Research, New York) 

(Received for publication, December 2S, 1942) 


In a former paper (1) on the procedure employed for the isolation of the 
alkaloid atisine from atis root, it was mentioned that the dilute HiSO< 
solution of the crude alkaloids was neutralized with XaiCOj solution, 
and a preliminarj- e.\traction with benzene was then made before the 
addition of an excess of NaOH solution and final extraction of the atisine 
fraction itself. A more recent examination of this NaaCOj fraction has 
demonstrated the presence in it of a new alkaloid, benzoyl heleralisine, 
CijHjjOeN. For purification, this benzene solution, which had accumu- 
lated from the extraction of a large amount of plant material, was e.x- 
haustivelj' extracted with 2 per cent HiSO<. The latter was neutralized 
with excess NajCOj solution and again extracted with benzene. This 
extract jielded on concentration a syrup which graclualh' crystallized on 
standing. After digestion with a small volume of benzene, the cr 3 'stals 
were collected with this solvent. 200 pounds of the crude drug jielded 
more than 6 gm. of the new alkaloid. 

The latter crj'stallized from benzene as prisms, wiiich melted at 213- 
214° after preliminarj'- softening. 

[alS = +73° (c = 1.0 in 95% eth.nnoI) 

CnHjiOjX. Calculated. C 70.26, H 7.53, X 2.83 
Found. “ 70.18, “ 7.68, “ 3.00 

The hydrochloride separated from methanol-ether as needles, which 
graduallj^ melted with decomposition at 218-221° after preliminarj- darken- 
ing and softening. 

CjjHjjOtX'HCl. Calculated. C 65.44, H 7.20, Cl 6.67 
Found. " 65.54, “ 7.47, “ 6.37 


From the derived formulation and the behavior toward alkali, the new 
alkaloid was shown to be the benzoj-1 derivative of the alkaloid, 
beteratisine, recently isolated by us (2) from the mother liquors of atisine. 

For saponification, 0.12 gm. was gentlj- warmed in a mixture of 5 cc. 
of methanol and 0.5 cc. of 25 per cent NaOH. The odor of benzoic ester 
at once became apparent. After concentration to remove most of the 
solvent and dilution, the clear solution was acidified to Congo red with 
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HCl to relactonizc the saponified lietcratisine. After standing, the solu- 
tion was treated in tlie cold with c.xcess alkali, and quickly extracted with 
chloroform. Tlie latter yielded a residue which crystallized from alcohol 
in characteristic trapezoidal and rhombic prisms. These melted with 
slow effervescence at 265-267°, and proved to bo lietcratisine. 

[a]” = +40° (c = 1.05 in methanol) 

CjsHjAN. Calculated, C 07.47, H 8.50; found, C 07.75, H 8.50 

The above aqueous alkaline fraction of the saponification mixture, 
after acidification and c.xtraction, yielded benzoic acid (m.p. 122-123°). 

It is possible that heteratisine does not occur as such in Aconilutn 
hctcrophylbm but is an artifact produced from the benzoyl derivative 
during the isolation process. 

The microanalyses were made by Mr. D. Rigakos. 
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THE PREPARATION OF CONCENTRATES OF SPECIFIC SUB- 
STANCES FROM URINE AND FECES IN LEUCEMIA 

By D. L. turner and F. R. MILLER 

{From the Charlotte Drahc Cardera Foundation, Jefferson McdicalCoUegc, Philadelphia) 

(Received for publication, December 29, 1942) 

Miller, Weam, and Heinle (1, 2) found that the injection of certain frac- 
tions from the urine of patients with myeloid and IjTOphoid leucemia pro- 
duced characteristic changes in the organs of guinea pigs. These changes 
resembled the histological findings in human leucemia and were specifically 
myeloid or lymphoit^, corresponding to the disease in the patients from 
whom the urine was obtained. Fractions from the urine of patients with 
other diseases or similar fractions from normal urine did not produce these 
specific histological pictures. The urine fractions were originally prepared 
by acid hj'drolysis followed b}' adsorption on kaolin. Later (3), they were 
made by acid hydrol 3 -sis followed by chloroform extraction. Experiments 
of Miller, Hause, and Jones (4) showed that the active material of myeloid 
urine accumulated solely in the fraction containing the acids and phenols, 
and that it was soluble in ether, and petroleum ether. 

The present paper reports the further concentration of the active ma- 
terial from the urine of patients with myeloid and lymphoid leucemia. 
The biological reaction from the more concentrated material is much more 
pronounced and specific than any which was obtained from cruder fractions. 
Since the biological test is not quantitative, a qualitative scheme is used to 
compare fractions. Those fractions which produce specific mj'eloid or 
lymphoid proliferation in the organs of guinea pigs are designated as posi- 
tive (-b), and those fractions which do not produce such a proliferation are 
described as negative (— ). By a repetition of plus signs, the intensity of 
the response is roughly designated. The most important feature of the 
biological reaction for the chemical work is its myeloid or lymphoid speci- 
ficity. 

The separations shown in the flow sheet have been applied to the urine of 
patients with myeloid, lymphoid, and monocytic leucemia, and also to the 
urme of patients with the leucemia-like diseases, lymphosarcoma, and 
Hodgkin’s disease. Separation methods involving prolonged treatment at 
relatively high temperature, such as steam distillation, have been avoided. 
The active substance from urine in myeloid leucemia is not volatile in steam, 
but although inert material can be removed by this method there is loss in 
activity. The number of guinea pigs used for testing each chemical fraction 
was always two or more. As many as thirteen guinea pigs were used for 
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some fractions. When a response of (+) myeloid or (+) lymphoid is 
mentioned in the experimental section of this paper, it indicates a positive 
result in all animals used for the fraction in question. The dosage was ad- 
justed to permit a comparison of the two fractions produced b}' each pro- 
cedure in the separation. Thus, when two fractions were obtained with 10 
times as much material in the one as in the othci', these proportions were 
maintained in the dosage for the two parts. In some cases the relative 
dose of the negative fraction was increased ; this has been noted in the ex- 
perimental section of this paper. 

A method for the separation of mixtures containing both the IjTOphoid- 
and the myeloid-stimulating material has been developed. Small amounts 
of Ij'mphoid-stimulating factor have been shown to occur with large 
amounts of the myeloid-stimulating factor in urineiin mj’cloid leucemia. 
Similarly, small amounts of the mj’-eloid-stimulating substance have been 
found together with large amounts of the lymphoid-stimulating material 
in urine in lymphoid leucemia. 

The chemical separation method was applied to extracts of the urine of 
patients with monocytic leucemia, and Hodgkin ’s disease ; large quantities 
of the two fractions producing pure myeloid and pure lymphoid biological 
responses were obtained from each. 

The similarity in chemical properties which permits the same procedures 
to be used in concentrating the stimulating substances of various urines 
suggests strongly that the substances which produce one specific type of 
biological reaction are identical, regardless of their origin, and also that the 
myeloid- and lymphoid-stimulating factors are closely related chemically. 
The factor which stimulates lymphoid proliferation was found in the frac- 
tion containing hydroxy acids. This material was oxidized by two meth- 
ods, one of which is specific for the conversion of carbinols to ketones. In 
both cases the product gave a myeloid response in animals. The myeloid- 
stimulating material of the non-carbinol fraction from various sources was 
reduced by methods adapted to the conversion of a ketone to a carbinol. 
The carbinols and non-carbinols were separated again; the former gave a 
lymphoid response, while the latter were completelj’’ negative. It seems 
evident from this work that the two stimulating factors for myeloid and 
lymphoid proliferation are acids of similar structure, differing only in the 
presence of a carbonyl group in the myeloid factor at the position where a 
hydroxyl group occurs in the lymphoid factor. Nevertheless, although it is 
possible to separate the Ij^mphoid-stimulating material from impurities by 
virtue of its hj'-droxyl group, in the case of the myeloid-stimulating sub- 
stance the Girard ketone separation was incomplete. This is not extraor- 
dinary (5, 6). 

By using a method of separation similar to that employed mth urine it 
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has also been possible to demonstrate the occurrence of myeloid-stimulating 
material in the feces of patients with myeloid leucemia. 

EXPERIMENTAL 

Concentration of Urine in Chronic Myeloid Leucemia — The urine was col- 
lected from patients of both sexes with typical chronic myeloid leucemia and 
presen'ed with chloroform. It was processed in 4 liter portions. After 

Scheme for Concentration of Urine in Leucemia 
1. Chloroform extract of hydrolyzed urine 


Tartition, ether — 2 N sodium hydroxide 


i 

Ethereal solution (discard) 

1 

2. Alkaline solution; treat with carbon 
dioxide and extract with ether 

1 

Ethereal solution (discard) 

1 , 

3. Aqueous layer; acidify with 4 n hydro- 
chloric acid and extract with ether 

1 

Aqueous solution (discard) 

1 

4. Ethereal solution; evaporate and e.xtrnot 
with petroleum ether 

llesidue (discard) 

5. Petroleum ether solution; evaporate, ppt. 
lead salts, filter 

I 

Aqueous filtrate (discard) 

( 

6. Lead salts of acids; extract with ether 

Ether-soluble lead salts (dis- 
card) 

' 1 

7. Insoluble lead salts; regenerate acids, dis- 
solve in acetone, and crystallize at —20° 

1 

Crystalline part (discard) 

8. Material from mother liquor; esterify, and 
apply succinate separation 


9. Carbinols (contain lymphoid 10. Non-carbinols (contain myeloid activity) 
activity) 


being adjusted to pH 1 to 2 with hydrochloric acid the acidified urine was 
rapidly heated to boiling and boiled for 5 to 10 minutes. It was then 
extracted i\dth chloroform. The residue remaining after evaporation of the 
chloroform from a 360 liter portion of urine was dissolved in 1 liter of 2 x 
sodium hj'droxide solution and extracted with ether. The neutral ma- 
terial remaining after evaporation of the ether gave a (— ) biological re- 
sponse and was discarded. The alkaline solution was saturated with 
carbon dioxide and extracted ivith ether. Evaporation of the ether gave a 
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( — ) phenolic fraction which was discarded. The aqueous layer was 
acidified with 4 n h3'^drochloric acid and extracted with ether. The ether 
was evaporated and the (+) m3’eloid residue (weight 115 gm.) was ex- 
haustively extracted with petroleum ether (b.p. 30-60°) leaving a (— ) 
residue. Evaporation of the petroleum ether gave nearly phenol-free 
acids with a (-f -f- -f ) m3'cloid response. The acid material was taken up in 
2 liters of petroleum ether and extracted six times with 100 cc. portions of 
90 per cent (63" volume) methanol. The material solid)le in methanol 
weighed 29 gm. It was almost biologically (— ) and consisted mostly of 
benzoic acid identified b3^ its melting point and melting point of mixtures 
with an authentic sample. The residue from the evaporation of the 
petroleum ether (A) weighed 21 gm. and gave a (-t- ++) m3'cloid response. 
This was dissolved in 15 cc. of ethanol, neutralized with 40 per cent po- 
tassium hydroxide solution, and the lend salts were iirccipitated with a hot 
saturated solution of le.ad acetate. The mixture was cooled to 0° and fil- 
tered. The filtrate was treated with h3'drochloric acid and extracted with 
ether. The residue, after the e^'■aporation of the ether, gave a slight m3’c- 
loid response. The lead salts were dried and extracted with ether in a 
So.xhlet apparatus. The regenerated acids from the ether-soluble lead 
salts were ( — ) while the regenerated acids from the ether-insoluble salts 
were (+ + +) myeloid and weighed 13 gm. This material was dissolved in 
4 times its weight of acetone and ciystallized at —20° (7). 

The crystalline acids (weight 2 gm.) were biologically ( — ) and consisted 
of a mixture of acids, m.p. 56°, giving no depression in melting point with 
either palmitic or stearic acids. 

Analysis — Found, C 75.4, H 12.0; ncutrnlizntion equivalent 268 

This material was evidentl3’^ a mixture of palmitic and stearic acids and no 
attempt was made to separate it. 

The mother liquor (B) from this material did not gi^'o any precipitate 
TOth digitonin. It was biologicalb-- (-b-t--f) m3'eloid. It was esterified 
Avith diazomethane which brought about an appreciable loss of biological 
activity. A 7 gm. portion of the meth3d ester was dissolved in 50 cc. of 
pyridine and heated on the steam bath for 3 liours after 12 gm. of succinic 
anhydride were added. Tlie mixture was separated into carbinols (C) and 
non-carbinols (D) in tlie usual manner (8). 

The carbinol succinates (about 80 mg.) gave a (-f) lymphoid reaction in 
animals. Tlie non-carbinol fraction in less than a ]iroportionate dose gave 
a (+-t--|') myeloid reaction. 

A 10 gm. portion of (B) was treated tivice ivith Girard’s Reagent T and 
once with Girard’s Reagent P, the procedure being that described by 
Girard and Sandulesco (6). The combined ketonic fraction (about 800 
mg.) gave a (++) myeloid reaetion in animals. Another sample of ma- 
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terial corresponding to (B) was separated into ketonic and non-ketonic frac- 
tions by the method of Anchel and Schoenheimer (9), with tlie reagent of 
Borek and Clarke (10). The kctonic fraction was biologically (-f-) 
myeloid. The non-ketonic fractions from these separations were biologi- 
cally (-f -f) myeloid. 

A sample of the free acids corresponding to (.-V) (6.0 gni.) was dissolved in 
50 cc. of petroleum ether and adsorbed on a column 34 cm. long of 30 gm. of 
activated alumina (100 mesh, Aluminum Ore Company) mixed with 10 
gm. of Hyfio Super-Cel. It was developed with petroleum ether until the 
material occupied the whole column. The column was arbitrarily divided 
into five fractions and these were eluted with a 50 per cent solution of acetic 
acid in ethanol. ^Material, weighing 4.7 gm., from the bottom of the 
column was biologically active. The residual material which accumulated 
in the top 10 cm. of the column was biologically inactive even with 10 
times the proportionate dose. 

Concentration of Urine in Chronic Lymphoid Lcuccmia — This paralleled 
the myeloid separation. A 170 liter portion of urine gave 55 gm. of acids 
soluble in petroleum ether. The activity of the fractions corresponded to 
that found with the myeloid extracts except that the active concentrates 
were specifically lymphoid in activity instead of myeloid. The petroleum 
ether-soluble material was subjected to the lead salt separation and here 
also it was possible to remove the biologically inactive ether-soluble lead 
salts. Decomposition of the insoluble lead salts gave 27 gm. of free acids 
with a (-f -b-k) Ijunphoid activit 5 -. The low- temperature crj-stallization 
process removed inactive palmitic and stearic acids. The material from the 
mother liquor weighed 21 gm. and gave a (-b-f-l-) lymphoid reaction in 
animals. 

A 10 gm. portion w-as esterified with diazomethane. This caused some 
loss in biological activity. The esters were separated by the half succinate 
method into carbinol succinates and non-carbinols. The non-carbinols 
gave a (-(-) myeloid reaction, while the carbinol succinates (360 mg.) gave 
^ (+ri — b) lymphoid reaction even in considerabl}- less than a proportionate 
dose. H 3 'drolysis of the half succinate esters by boiling in alcoholic potas- 
sium hydroxide gave the free acids; these were separated from succinic acid 
by taking advantage of the insolubility of the latter in chloroform. The 
product gave a (-b-b-b) Ij-mphoid reaction. It was esterified w'ith diazo- 
methane and the esters were sublimed in a high vacuum; material sub- 
liming up to 100° (170 mg.) w-as onlj- slightty active. The activity 
remained in the 130 mg. of residual oil. 

Material corresponding to (C) from the urine of patients with acute 
lymphoid leucemia gave a (-b-b-b) lymphoid reaction, while that corre- 
sponding to (D) from this urine w-as inactive. 

Material corresponding to (B) from the urine of five patients with lymph- 
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osarcoma, processed individually, gave a (++) lymphoid response in every 
case. 

Conversion of Myeloid Substance to Lymphoid j\fatcrial — (a) Non-carbinols 
(D) (4.0 gni.) from myeloid urine were hydrogenated in ether with Adams’ 
catalyst (0.4 gm.) and hydrogen at 3 atmos])hcres jire.ssure. The hydrogen 
absorption ceased after 1 hour. The product was separated into carbinol 
half succinates and non-carbinols. The former gave a (-l"l-+) lymphoid 
reaction, while the latter were inactive even with more than 10-fold increase 
of the proportionate dosage. (6) Material corresponding to (A) was re- 
duced with sodium in ethanol. The product gave a (-{--f) lymphoid re- 
action. 

Conversion of Lymphoid Material to Myeloid — (n) Lymphoid acids (2 
gm.) were neutralized with 4 n potassium hydroxide and sufficient 2 per cent 
potassium permanganate solution was added to the mixture at room tem- 
perature to produce a permanent pink color. The solution was decolor- 
ized' bj' the addition of sodium bisulfite solution, acidified, and extracted 
with ether. Material from the ethereal solution gave a (-f -h-h) myeloid 
reaction in animals, (b) Lymphoid acids (7.4 gm.) were dissolved in 200 
cc. of dry benzene and GO cc. of dry acetone and refluxed for 7 hours with 
12 gm. of aluminum tcr/-butylatc. The product was processed in the usual 
manner (11). It gave a (-}-) mj^eloid reaction in animals. The ketones 
were separated from this material with Girard’s Reagent T. Thojf gave a 
(-{-) myeloid reaction. 

Biological Effect of Additional Reactions — Treatment of m 3 ’cloid material 
with phenyl isocyanate, benzoyl chloride, diethyl sulfate, or diazomethanc 
produced only a slight loss in biological activity, if anj'. Oxidation with 
chromic acid at room temperature in acetic acid produced a partial inactiva- 
tion. Treatment with bromine in acetic acid at room temperature and 
hydrogenation in acetic acid with Adams’ catalj'st effected total inactiva- 
tion. Oxidation of lymphoid material with chromic acid in acetic acid at 
room temperature changed it to myeloid material with much loss in activitj'. 

Separation of Active Material from Urine in Monocytic Lcxicania and 
Hodgkin’s Disease — The method was the same as that employed for the 
mj'eloid urine. Material corresponding to (A) from both urines gave a 
peculiar reaction in animals which will be described elsewhere. This re- 
sembled the picture produced in animals by injecting both myeloid and 
lymphoid material together. Material corresponding to (C) from both 
urines gave a specific (-f- -I- +) lymphoid response, while that corresponding 
to (D) gave a specific (-[-) m.yeloid response. The mixture corresponding to 
(D) from urine in llodgkin’s disease was catalytically hydrogenated as 
described above. The product was separated into carbinols and non- 
carbinols. Administration of proportionate doses of the two fractions to 
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guinea pigs gave a (+) Ij'mphoid response from the carbinol fraction and a 
(— ) response from the non-carbinols. This experiment was repeated with 
similar material from the urine of monocytic leucemia and the carbinol frac- 
tion from the hj-drogenation gave a (-H-) lymphoid response, while the 
non-carbinols were again (— ). 

Active Material from Feces in Leucemia — The feces of a male patient with 
mj’eloid leucemia were ground with sodium sulfate, acidified with hydro- 
chloric acid, and extracted with methanol. The extract was hydrolyzed 
■nith alcoholic potassium hydroxide (200 gm. of potassium hydroxide in 4 
liters of methanol) by boiling for 2 hours. After dilution with water, the 
neutral fraction was removed with ether. The alkaline layer was acidified 
and e.xtracted with petroleum ether. From this point the separation fol- 
lowed that described for the m 3 ’eloid urine. From the feces excreted in 1 
week 12 gm. of crude material corresponding to (B) were obtained which 
gave a (-b-b) mj’eloid reaction in animals. 

SUMMARY 

Concentrates of biologicaUj’ active material from urine and feces of pa- 
tients with leucemia are described. Urines of various diseases of the 
leucemia group give two active materials which produce specific mj’eloid or 
Ijmphoid hjTjerplasia in animals. Chemical methods of converting each 
material to the other are described. 

The biological significance of this work will be discussed elsewhere. We 
wish to thank Dr. H. W. Jones and Dr. L. A. Erf of this laboratory for 
valuable assistance. 
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ISOLATION AND PARTIAL DETERMINATION OF STRUCTURE 
OF SOY BEAN LIPOSITOL, A NEW INOSITOL- 
CONTAINING PHOSPHOLIPID 

Br D. W. WOOLLEY* 

(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, December 14, 1942) 

The discovery and partial purification of a new phospholipid from nerve 
tissue which contained inositol has been described recently Folch and 
Woolley (1, 2). In order to facilitate the isolation of this new substance 
in pure form, a more concentrated source than nerve tissue was sought. 
Klenk and Sakai (3) isolated inositol from hj’drolysates of crude soj' bean 
phosphatides and hence this material was examined. Since it contained a 
higher percentage of inositol than crude brain phosphatides, it was used as 
starting product for the isolation of the new lipid in the hope that the 
phospholipid from this plant source would be the same as that in nerve 
tissue. 

Folch’s (2) method of obtaining an inositol-containing fraction from 
brain cephalin by precipitation from chloroform with alcohol was applied 
to soy bean phosphatides. Purification was achieved by several fractional 
precipitations nith methanol and ethanol, followed by extraction with 
ether. This method 3 'ielded a product containing 16 per cent inositol. 
The inositol content could not be increased bj' additional fractionation. 
Furthermore, the molecular ratio of inositol, carbohj'drate, phosphorus, 
and oleic acid was approximately unity. For these reasons it was believed 
to be essentially pure.* 

It is proposed to call the new substance soj' bean lipositol, since it is a 
lipid which contains inositol. For reasons given below, it is concluded 
that it is very similar to the phospholipid of brain and spinal cord. 

The products of complete acid hj-drolj'sis of soj' bean lipositol were 
identified as inositol, phosphoric acid, oleic acid, saturated fattj' acids, 
a black, humin-like material, traces of ethanolamine and tartaric acid, and 
a substance which jdelded ethanolamine on hj'drolj'sis with alkali. The 
saturated fatty acids were composed of 5 per cent cerebronic acid and 95 
per cent of a mixture of approximately 70 per cent palmitic acid and 30 
per cent stearic acid. 

* With the technical assistance of A. G. C. White. 

* Since the saturated fatty acid component was a mixture, the lipositol must have 
been a mixture of three homologues. Therefore, “pure” lipositol denotes a product 
free of other phosphatides, and not one single compound. 

681 
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Less complete ncid h3'flrol3'sis resulted in the formation of inositol mono- 
phosphate. This confirmed the observation of Klenk and Sakai (3), and 
led to the assignment of the po.silion of the jdiosjdiorus atom in the mole- 
cule. During ncid hj’drolj’.sis, prncticall.v all of the inositol was rendered 
■\vatcr-solublc within the 1st hour, but all of it was not free inositol until 
after further hydroljvsis. The fact that .veast responded onlj’ to free ino- 
sitol and not to inositol esters ('!) facilitated the elucidation of these facts. 
The water-soluble, bound inositol was prcsumabl}' inositol monophosphate. 
This behavior during acid hj'drolj'sis was found for the lipositol of brain as 
well as for pure S03' bean lipo.sitol. 

The products of hj'drolj'sis with alkali were fattj’ acids (presumably the 
same as those liberated by acid), ethanolamine, d-tartaric acid, a non- 
reducing carbohydrate, and phosphoric acid. On mild acid hydrolj'sis, 
the carbohj'dratc liberated inositol, tartaric acid, and galactose in the 
molecular ratio of 1:1:1. 


Table I 

Constiluctils of Soy Dean Lipositol 


Constituent 

Found j 

Constituent i 

Found 

By ISO* 
lAtion 

ana lysis 

By iso- 
lation 1 

By . 
analysis 


per cetu 

per cent 


per cent 

ptr etnl 

Inositol 1 

16 

IG 

' Oloin nnifi 

23.6 


Gftlnctosc 


15.5 


9.8 

Tartaric acid 

8.3 


Saturated acids 

21.2 

Ethanolamine 

Kkei 




3.4 


1 1 





The products of hydrob^sis which have been isolated or determined quan- 
titatively account for 102 per cent of the lipositol (see Table I). The 
hydrolysis products should account for 109 per cent of the substance, since 
water is added during hj^drolysis. It is felt that all constituents of the 
molecule have been accounted for. 

Lipositol as isolated from soj"- beans was the potassium salt of a strong 
acid. It was not possible to prepare the free acid, for the ash content was 
not altered by dialysis from suspension in HCl, or by e.xtraction of lipositol 
with ether from suspension in HCl. 

The position of some of the radicals in the molecule was deduced from 
a study of the products of various hj^drob'ses. The allocation of the phos- 
phate to inositol followed from the isolation of inositol monophosphate. 
Since hydrolysis with alkali jdelded a non-reducing carbohydrate which 
liberated reducing sugar on acid hydrob'sis, the galactose must be present 
as a galactoside. Either a hydrox3d of inositol or 01 tartaric acid could 











D. W. WOOLLEY 


583 


be involved in this galactoside linkage. But since hj’drolj'sis with aqueous 
alkali jdeldcd as much tartaric acid as could be obtained bj’' a combination 
of alkali and acid hydrolysis, and since reducing sugar was only set free 
by acid, it was concluded that an inositol galactoside was present in the 
molecule. Ethanolamine was only' set free by hydroly'sis with alkali. 
Hydrolysis with acid produced a water-soluble nitrogenous substance which 
gave rise to ethanolamine when heated with alkali. Finally, tartaric acid 
was found in appreciable quantities only after hydrolysis with alkali. 
Therefore, it was concluded that ethanolamine tartrate was present in the 
molecule, and that this ester w'as not readily hj'drolyzed under the acid 
conditions used. These obsenmtions may offer an explanation for the 
non-ethanolamine amino nitrogen in crude phosphatides described by 
Chargaff el al. (5), since their hj'drolyses were performed with acid. In 
lipositol, the other carboxyl of tartaric acid was probably esterified with a 
hydroxyl of inositol or galactose. At least one more hj'droxyl of inositol 
(in addition to the ones carrjdng phosphoric acid and galactose) must 
be esterified ivith fatty acid or tartaric acid and any unsubstituted hy- 
droxyls must not be adjacent. This followed from the fact that lipositol 
was not split rapidly by lead tetraacetate or bj' periodic acid. These 
reagents react immediately with hydroxyls situated on adjacent carbon 
atoms and cause rupture of the carbon chain. The reaction with these 
reagents was measured by determining the inositol remaining after the 
reaction. A slow but complete destruction did occur in 24 hours in the 
presence of a large excess of the reagents, but since 50 per cent of the 
inositol contained in inositol hexaacetate was destroyed under similar 
conditions, it was felt that the above conclusions were valid. 

From the present data, lipositol may be considered to consist of inositol 
with which phosphoric acid, oleic acid, a saturated fatty acid (chiefly pal- 
mitic acid), and ethanolamine tartrate have been esterified and galactose 
has been combined in glycosidic linkage. One or two, but not more, of the 
carboxylic acids ma 3 '^ be esterified with galactose rather than wdth inositol. 
The percentages of the elements and of most of the products of hydrolj^sis 
agree reasonably 1X611 with such formulation. However, because of lack of 
data concerning relative positions of all constituents, the complete structure 
of lipositol is not known. 

Pure lipositol from brain has not j-^et been isolated, but the following 
points of similarity to soy bean lipositol were noted. First, the rate of 
liberation by acid of inositol phosphate and of inositol in a preparation of 
cephalin from brain was the same as from so 3 ’’ bean lipositol, Secondty, the 
ratio of inositol to carbohydrate in this same preparation from brain was 
1.1, the same as in lipoifitol. Finally, tartaric acid was isolated from hy- 
drolysates obtained by the use of alkali. 
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EXPEIUMENTAB 

Isolation of Liposilol — 'J'hc following isolation has been performed four- 
teen times with uniform suecess. The attention to conditions of drj’ing 
was very important, since perfectly dr3' lipositol was insoluble in all fat 
solvents tested (ether, chloroform, benzene, petroleum ether), although it 
was rcadilj’ soluble in the moist solvents. Inositol Avas determined ac- 
cording to ^YoollcJ' (0) after bydrolj'sis for 24 hours, and the degree of purifi- 
cation was deduced from the inositol content of the various fractions. 

200 gm. of commercial soj’ bean phosphatidcs- (3 per cent inositol) were 
dissolved in 200 cc. of chloroform and poured into 1 liter of methanol. The 
precipitate which formed was separated and dissolved in 200 cc. of chloro- 
form and poured into 1200 cc. of acetone. The precipitate was filtered off 
and washed with acetone, and then dissolved in 200 cc. of chloroform. This 
solution was poured into 800 cc. of methanol, and the precipitate was 
reprecipitated in the same fashion. The precipitate was next taken up in 
150 cc. of chloroform and poured into 300 cc. of absolute ethanol. The 
precipitate was separated in a centrifuge and redissolved in 150 cc. of 
chloroform. The solution was poured into 200 cc. of absolute ethanol, and 
the precipitate again collected in a centrifuge, and redissolvcd in 200 cc. of 
chloroform. This solution was added to 800 cc. of methanol, and the pre- 
cipitate was filtered, washed with methanol, and freed of solvent in a moist 
atmosphere.^ It was then suspended in 200 cc. of chloroform, and, when 
all lumps had disintegi-atcd, 100 cc. of absolute ethanol were added. The 
precipitate was removed in a centrifuge, and the supernatant was treated 
with 150 cc. of absolute ethanol. The precipitate wliich formed was col- 
lected in a centrifuge, dissolved in 200 cc. of chloroform, and the solution 
Avas poured into GOO cc. of methanol. The precipitate Avas filtered off, 
Avashed Avith methanol, and freed of solvent in a moist atmosphere. It Avas 
then suspended in 400 cc. of ether and the suspension Avas centrifuged until 
perfectly clear. The supernatant fluid Avas finally poured into 4 volumes of 
methanol, the suspension Avas filtered, and the precipitate Avas Avashed Avith 
methanol and dried in a Amcuum. Yield, 20 to 30 gm. 

Properties of Lipositol — The phospholipid Avas obtained as a fine, creamy, 
Avhitc poAvder Avhich, Avhen dr.v, Avas quite friable. It darkened onb* veiy 

= AVc wish to tliank Dr. A. Scharf, of the American Lecithin Company, for a supply 
of commercial soy bean phosphatidcs. 

’ This was accomplished in one of two ways. The filter cake was placed in a desic- 
cator which contained a dish of water and the desiccator was frequently evacuated. 
Usually the filter cake was allowed to dry in air of relative humidity approximately 
80 and at 25°. This second procedure did not result in appreciable darkening of the 
product, since the easily oxidizablc compounds were removed by the previous pre- 
cipitations Avith ethanol. 
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slowly when exposed to air. However, if no precautions were taken to 
prevent oxidation^ during preparation, the final product was light brown. 
It was insoluble in drj' petroleum ether, drj' acetic acid, drj' benzene, dry 
ether, or drj’ chloroform, but soluble in anj’ of these solvents except acetic 
acid when moist. It was insoluble in ethanol, methanol, acetone, and 
dioxane, but formed an emulsion casib’ with water. Found, C 54.3, H 8.4, 
P 3.1, N 0.98, ash 12.1, K 3.4, inositol 16, carbohj'drate 15.5, amino N 0.80. 

Carbohj’drate was determined according to Sprensen and Haugaard (7). 
The amino N was determined on hj’drogenated material in order to avoid 
interference and high values due to unsaturatcd fatty acids. The total N 
was not changed significantlj’ in the hydrogenated product. or-Amino acid 
N (8) was absent.' 

Rale of Liberation of Inositol by Acid — 20 mg. samples were emulsified 
in 20 cc. of 20 per cent HCl and the emulsions were refluxed for stated times. 
The insoluble matter was filtered off and inositol was deteimined without 


Tabi.e H 

Hate of Liberation of Free and Total Inositol during Hydrolysis of Liposilol with SO 

Per Cent HCl 


Time of hydrolysis 

^ Water-soluble inositol 

Free 

Total 

krs. 

per omt 

pet cent 

0.5 

5.0 

9.8 

1.0 

8.2 

13.5 

6 

16 

16 

24 

16 

16 


further hydrolj’sis in an aliquot of the filtrate (free inositol). A second 
aliquot was refluxed for 24 hours and inositol determined in it. This value 
gave the total water-soluble inositol. Results are given in Table II. It 
can be seen that practically all the inositol was made %vater-soluble in the 
1st hour, but that it was not all free (and available to j'east) until after 
about 6 holms. 

‘ Precautions to avoid oxidation were the use of closed vessels filled almost com- 
pletely by the solutions in order to minimize exposure to air, the use of low tem- 
peratures (4°1 in the first precipitation, and rapid manipulation. The easily oxidiz- 
able substances were removed in the early steps and precautions against oxidation 
were relaxed after the precipitations with ethanol. A product without color was ob- 
tained readily by application of the procedure to a cold ether extract of fresh soy 
beans, but the yield was not great enough to justify use of fresh soy beans as the 
starting material. 

‘^e wish to thank Dr. J. Folch, of the Hospital of The Rockefeller Institute for 
Medical Research for this analysis. 
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Products of Acid Hydrolysis — 20 gm. of pure lipositol wore suspended in 
400 cc. of 20 per cent IlCi and (iic emulsion was refluxed for 20 iioure. The 
mixture was cooled and filtered. 

Fatly Acids — The water-insoluble portion was extracted with acetone 
and filtered. The acetone was removed from the solution under reduced 
pressure, the residue was extracted with petroleum ether, and the extract 
filtered and dried under reduced pre.s.surc. 9 gm. were obtained. 3.4 gm. 
of the product were separated by the lead soap method (9) into l.G gm. 
of saturated acids, and l.S gm. of unsaturated acid. 

Oleic Acid — The unsaturated acid was pure oleic acid, for the following 
reasons. The iodine number (Ilanus) was 90.2; that for oleic acid is 90.0. 
When the acid was hydrogenated in acetic acid with Ft catalyst, it yielded 
stearic acid, m.p.' GS°, mixed m.p. with stearic acid GS°. 

Ccrcbronic Acid — The saturated acids were converted to Mg salts and 
separated according to the method of Klcnk (10). The hot alcohol- 
insoluble salt was converted to the free acid which melted at 98-100°. 

CstH.iOa. Calculated, C 75.0, II 12.5; found, C Tt.G, II 12.4 

The neutral equivalent was 378. The acetate prepared with acetyl chloride 
melted at 5G-57°. 500 mg. of one preparation of saturated acids yielded 
25 mg., and 1.6 gm. of another preparation from a new sample of lipositol 
yielded 80 mg. of ccrcbronic acid. The saturated acids were therefore 5 
per cent ccrcbronic acid. 

Pahnitic aiid Stearic Acids— The acids regenerated from the soluble Mg 
salts melted at 53° and three reciystallizations from acetone did not alter 
tills value. While a pure acid was not isolated from this mixture, the fol- 
lowing facts indicated that it was a mixture of approximately 70 per cent 
palmitic acid and 30 per cent stearic acid. Found, C 75.4, H 12.5. The 
ratio of C to 0 ivas therefore 1G.6:2. A mixture of 7 parts of palmitic to 3 
of stearic acid melted at 53°, and admixture of this mixture with the acids 
from lipositol caused no depression of the melting point. 

It ivas clear that saturated and unsaturated acids were in equimolecular 
ratio in lipositol, and that there was approximately 1 molecule of oleic acid 
per molecule of inositol per molecule of saturated acid. 

Inositol — The w'ater-soluble portion of the hydrolysate was concentrated 
under reduced pressure to a sirup, and this residue was extracted with 100 
cc. of absolute ethanol. The crystals which formed were filtered off and 
recrystallized from dilute alcohol. Yield, 3.0 gm.; m.p. 218°. Thecr 3 \stals 
gave Scherer’s test for inositol and were fully active in the highly specific 
test for mesoinositol (6). 

CtHijOt. Calculated, C 40.0, H 6.7; found, C 39.0, H 6.7 


' All melting points recorded in this paper are uncorrected. 
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Inositol Monophosphate — 10 gm. of lipositol were suspended in 200 cc. of 
20 per cent HCl and the emulsion was refluxed for 1 hour. The fatty acids 
were filtered oft and washed, and the aqueous hydrolysate w'as concentrated 
under reduced pressure to dryness. The residue tvas dissolved in 100 cc. of 
water and treated with excess lead acetate solution. The precipitate was 
filtered off, washed, suspended in water, and decomposed with HjS. The 
filtrate from the lead sulfide was concentrated under reduced pressure to 
drj-ness, and this residue was triturated with 100 cc. of absolute ethanol. 
The amorphous precipitate which formed w'as filtered off and purified by 
precipitation from concentrated aqueous solution with absolute ethanol. 
It was obtained as 1 gm. of fine, white, slightly hygroscopic powder. 

CeHi20iP. Calculated, inositol 69; found, inositol 69 

The brucine salt was prepared and recrystallized from dilute acetone as 
fine needles; m.p. 238°, after softening at 218-220°. Inositol monophos- 
phate brucine salt is said to melt at 236° (3). 

The barium salt w’as precipitated by alcohol from aqueous solution as a 
white amorphous pow'der which contained 35.4 per cent Ba; theory for 
CsHiiOsPBa, 34.7. 

An attempt was made to isolate barium glycerophosphate from the alco- 
hol filtrate of inositol monophosphate. 300 mg. of an alcohol-insoluble 
barium salt were obtained whose barium content was that of barium inositol 
monophosphate. 

Attempted Isolation of Ethanolamine — ^The filtrate from the lead precipi- 
tate obtained in the previous operation was freed of lead with HiS. Analy- 
ses showed that 80 per cent of the nitrogen originally present in the lipositol 
was contained in this solution, and that aU of it was primary amino nitrogen. 
The solution was concentrated, dried on CaO, and extracted in a Soxhlet 
apparatus with an ether solution of 3,5-diiodosalicylic acid (11). Only 7 
mg. of ethanolamine 3,5-<iiiodosalicylate, m.p. 198°, were obtained. In a 
second experiment, the hydrolysate w'as prepared from 5 gm. of lipositol, 
according to the directions of Chargaff (11), but only 2 mg. of ethanolamine 
3,5-diiodosalicylate w'ere obtained. In order to establish that there was no 
material present which interfered with the isolation of the ethanolamine 
salt, 100 mg. of ethanolamine were added to 5 gm. of lipositol, and the pro- 
cedure described above was repeated. Ethanolamine 3,5-diiodosalicylate, 
equivalent to 22 mg. of ethanolamine, w'as isolated. It was therefore con- 
cluded that only traces of ethanolamine were present in acid hydrolysates 
of lipositol. 

After hydrolysis with alkali of an acid hydrolysate of lipositol, ethanola- 
mine was isolated. 5 gm. of lipositol were hydrolyzed with HCl as de- 
scribed above, and the aqueous hydrolysate was concentrated under reduced 
pressure to a sirup. This was neutralized with NaOH and mixed with 20 
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cc. of X NaOII. The solution ^va.s refluxed for i hours, acidified with HCl, 
and concentrated under reduced pressure to a sirup, wliich was extracted 
with alcohol. 'J'he alcohol extract was concentrated, made alkaline, dried 
on plaster of Paris, and extracted in a Soxhlct. apparatus with an ether 
solution of SiS-diiodosalicylic acid for -18 hours, ]00 mg. of cthanolamine 
3,5-diiodosalieylate, ni.p. 108°, were obtained. 

AUempied Isolation of Tartaric Acid from Acid Hydrolysates — 2 gm. of 
lipositol were hydrolyzed with 20 cc. of boiling 2 x IICl for 4 hours. The 
aqueous portion of the hydrolysate was concentrated under reduced pres- 
sure, dissolved in 20 cc. of water, and extracted with ether for 90 hours. 
Onlj' 28 mg. of solid matter, neutral equivalent 75, were contained in the 
extract. Since large amounts of tartaric acid were present in ether ex- 
tracts of hydrolysates prepared with alkali (sec below), it was concluded 
that tlie acid hydrol^’sis had not liberated much tartaric acid. 

Hijdrolysis with Alkali — 10 gm. of lipositol were dissolved in 50 cc. of 
moist ether and poured into 150 cc. of methanol which contained G gm. of 
NaOH. The suspension was refluxed for 5 liours, cooled, filtered, and the 
precipitate was washed with methanol. 

Ethanolaminc — The methanol-soluble hydrolysate was acidified with 
concentrated HCl, and the NaCl which formed was filtered off and washed. 
The filtrate was concentrated under reduced iJressure to an oil which was 
heated with 100 cc. of water. The fatty acids were filtered off and washed, 
and the aqueous phase was extracted twice with ether, and then concen- 
trated under reduced pressure to 2 cc. This solution was dried on CaO and 
extracted in a Soxhlct apparatus with an ether solution of 1 gm. of 3,5- 
diiodosalicylic acid for 48 hours (11). 32G mg. of ethanolaminc 3,5-diiodo- 
salicylate, m.p. 198°, were obtained. 

CsIIiiOjIsN. C.ilculatcd, N 3.1; found, N 3.1 

The salt was decomposed by suspending it in x HCl and extracting the sus- 
pension with ether, and the free base was recovered by drjdng the aqueous 
phase on CaO and extracting with ether for 48 hours in a So.xhlet apparatus, 
t^ffien picric acid was added to the free base, a picrate was formed which 
melted at 154°. In the same bath, ethanolaminc picrate melted at 154- 
155°. The mixed melting point was 154°. The benzo 3 d derivative was 
formed with benzoyl chloride and NaOH, and was found to melt at 7G°. 
Benzo 3 dated ethanolaminc in the same bath melted at 76°. The flavianate 
was prepared and found to melt at 203-204°, while cthanolamine flavianate 
in the same bath melted at 204°. 

The ethanolaminc isolated did not account for all the nitrogen of liposi- 
tol. However, since it was onl 3 ’- possible to recover 20 to 25 per cent of 
ethanolaminc added to lipositol, it was concluded that more was present 
than was isolated. 
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Tartaric Acid — ^Tlie methanol -insoluble portion of the hydrolysate was 
suspended in 100 cc. of water, acidified with acetic acid, and centrifuged. 
The clear solution was neutralized (pH C.5) with NaOH and treated with 
excess lead acetate solution. The precipitate which formed was centri- 
fuged out, washed, and decomposed with H 2 S. The filtrate from the lead 
sulfide was concentrated under reduced pressure to 20 cc. and extracted 
continuously with ether for 90 hours. The extract was concentrated to 
dr 3 Tiess to leave a white crj'stalline mass which weighed 300 mg. Neutral 
equivalent, 74. 

The silver salt was prepared and found to contain 59.5 per cent Ag; the- 
ory for silver tartrate is 59.3 per cent Ag. The calcium salt was prepared 
and found to contain 21.6 per cent Ca; theory for calcium tartrate is 21.3 
per cent Ca. In addition, the acid gave those color tests which have been 
described for tartaric acid (12); that is, a blue color with FeSOi, H 2 O 2 , and 
NaOH, and a green color with /3-naphthol. Finallj% the brucine salt was 
prepared and recrystallized to constant melting point from dilute acetone. 
It darkened at about 220°, and melted and decomposed at 240°. Brucine 
d-tartrate in the same bath behaved in similar fashion. The tartaric acid 
was not optically pure, for [aln was found to be -1-9.2° (tartaric acid showed 
■f 12° under similar conditions), but it is probable that some racemization 
had occurred during hydrolysis with alkali. 

Combined tartaric acid was present in the lead filtrate obtained above. 
It could be freed bj' heating with either aqueous acid or alkali, and could 
then be precipitated with lead or barium and extracted with ether. In this 
way, a further yield of 330 mg. was isolated. The total yield of tartaric 
acid was therefore 630 mg. (6.3 per cent of lipositol). A slightly higher 
jdeld (8.3 per cent) was obtained by acid hydrolysis of a hj'drolysate ob- 
tained with alkali, followed by direct extraction with ether. 

Inositol Galactoside Tartrate (?) — ^A lead filtrate obtained (as described 
above) during the isolation of tartaric acid was treated with 2 gm. of lead 
acetate and excess anunonia, and the precipitate which formed was col- 
lected and decomposed with H 2 S. The filtrate from the lead sulfide w^as 
concentrated under reduced pressure to an oil which was triturated with 
methanol. The white pow’der which formed was purified by reprecipita- 
tion from w’ater wdth methanol. Yield, 1.2 gm. It contained 33 per cent 
inositol (by analysis), 33 per cent carbohydrate (by analysis (7)), 26 per cent 
tartaric acid (by isolation). It was acidic (neutral equivalent approxi- 
mately 500) and non-reducing. As much tartaric acid was liberated by 
aqueous alkali as by acid. It was believed to be inositol galactoside tar- 
trate. Since hydrolysis wth normal aqueous NaOH 3 delded tartaric acid 
and a substance which liberated inositol and galactose on acid hj'drolj'sis, 
it was believed that this was a partial hj'drolj^sis product which had escaped 
the action of the alcoholic alkali owing to its low solubility in this solvent. 
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Galadosc — The mcUumol-insolublc liyclrolj'satc of 10 gm. of lipositol, 
obtained after hydrolysis with alkali ns described above, was taken up in 
40 cc. of N IIsSO^ and refluxed for 4 hours. The solution was cliillcd, ad- 
justed to pll 8 to 9 with cold barium hydroxide, and the precipitate was 
removed. The solution was acidified with II;SO«, treated with an excess of 
BaCOj, filtered, and concentrated under reduced pressure to a sirup. This 
was extracted twice with methanol. Inositol was identified in the alcohol- 
insoluble material by ihs melting point (218°) and the melting point of its 
acetate (212°). The methanol-soluble material was freed of solvent, taken 
up in water, and used for sugar tests. 

Yeast did not ferment the sugar (1 per cent solution based on total carbo- 
h 3 'drate content), and this failure was not due to inhibition of the yeast, for, 
when glucose was added to the solution, it was fermented as rapidly as was 


TAnr.K III 

Dcslrxtclion o/ Inositol in SO Mg. of Lipositol by Lead Tetraacetate and Periodic 

Acid 


Lcsid teltaaceUle 

Periodic acid 

1 Time of reaction 

1 

Inositol destroyed 

mg. 

mr. 

hrs. 

per cfnt 

40 


1 

44 

100 


20 

81 

1000 


0.25 

84 

1000 


24 

100 


40 

1 

CO 


50 

0.25 

89 


pure glucose. Mannose was not present, for no phenylhydrazone could be 
obtained and, when mannose was added to the solution, as much phcnjdhy- 
drazone was isolated as from a solution of the same quantit}' of mannose. 

When heated with phenylhydrazine, an osazone was formed which 
melted at 200-202°. Galactose phenjdosazone melted at 198-200°. The 
solubility behavior and crystal habit of the osazone closely resembled those 
of galactose phenylosazone. 

A portion of the solution w’hich contained 300 mg. of reducing sugar 
(calculated as glucose (13)) was oxidized and separated according to Moore 
and Link (14). The aldonic acid was all found in the insoluble K salt frac- 
tion. This K salt was converted to the benzimidazole according to the 
Moore and Link procedure (14). 356 mg, of product were obtained which, 
after recrystallization, melted at 244°. The picz-ate of this base melted at 
215°, and at 215-216° when mixed with galactose benzimidazole picrate. 
The benzimidazole of galactose and its picrate are said to melt at 245° and 
217° respectivelj" (14). 
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Oxidation with Lead Tetraacetate and Periodic Acid — 20 mg. samples of 
lipositol were dissolved in 10 cc. of chloroform and treated with lead tetra- 
acetate. At the end of the reaction time, the solvent was removed under 
reduced pressure, water was added, and H 2 S was immediately passed into 
the solution. Hydrolysis and determination of inositol were carried out as 
usual. 

For the experiments with periodic acid, the 20 mg. samples of lipositol 
were suspended in water and treated with HI 04 . To stop the reaction, 
e.xcess glycerol was added. As can be seen from the data in Table III, the 
inositol was destroyed completely only after a considerable reaction time. 

SUMMARY 

A method has been described for the isolation of lipositol, an inositol- 
containing phospholipid, from soy bean phosphatides. The compound 
contained 16 per cent inositol, 15.5 per cent carbohydrate identified as 
galactose, 8.3 per cent d-tartaric acid, 23.6 per cent oleic acid, a mixture of 
cerebronic, palmitic, and stearic acids equivalent in amount to the oleic 
acid, phosphoric acid, and ethanolamine. Isolation of some products of 
partial hydrolysis and a consideration of some of their properties have led 
to conclusions regarding the structure of the molecule. Some properties 
of lipositol have been described. 
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THE SYNTHESIS OF UREA IN THE LIVER, WITH SPECIAL 
REFERENCE TO CITRULLINE AS AN INTERMEDIARY 
IN THE ORNITHINE CYCLE* 

By ALLAN G. GORNALL and ANDREW HUNTER 

{From ihc Dcparlmcni of Pathological Chemistry, University of Toronto, Toronto, 

Canada) 

CReccivcd for publication, December 18, 1942) 

In the theory of Ivrebs and Hcnselcit (1-3) the production of urea in 
the liver is the outcome of the recurrent cycle of reactions represented by 
the accompanying scheme. 



Urea 


Of the three consecutive reactions here postulated, each hereinafter desig- 
nated by its appended numeral, two (I and II) depend on the presenee of 
actively respiring liver cells, while (III) is effected by the soluble enzyme 
arginase. The probability that reaction (I) takes place in two stages (3) 
may, for the purposes of this paper^ be neglected. If the theory be correct, 
then so long as the cells have an adequate supply of NH 3 and CO 2 (together 
with oxygen and a suitable respiratory substrate) a small quantity of 
ornithine will “catalyze” the formation of an indefinite quantity of urea. 
The discoveries (a) that ornithine does act in this way and (b) that among 
other amino acids citrulline alone has a comparable effect upon urea 
synthesis constituted the basis on which the theory was formed, and remain 
the principal items of evidence in its support. 

As additional evidence for the role which the theory assigns to citrulline 
Krebs and Hcnseleit claimed that, whereas with ornithine as catalyst the 
ratio of ammonia nitrogen used up to urea nitrogen produced was approxi- 
mately 1 (0.91), with citrulline it was more nearly 0.5 (0.69). Bach (4) 
failed to confirm this observation, finding with citrulline a ratio of 1 , and 

The experimental data of this paper are taken from a thesis presented by Allan 
. Gomall in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy at the University of Toronto. 
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ho used this fnilure ns evidence tlint tlic jintli from citnilline to urea does 
not necessarily pass tlirough arginine. "Whatever mn3’ be the bearing of 
the ratio upon (he nieclianisrn of urea foiination — a point we shall leave 
for later discussion — it is evident tliat llic question of its actual magnitude 
merits further studj'. 

Although both ornithine and citrullino have been recognized as promoters 
of urea sj-nthesis, little attention lias hitherto been paid to their relative 
efficiencies in this regard. In so far .ns the point has been touched upon, 
citrulline has .seemed to be the more eficcti\’c catal.vst (1, 4, 5). In view 
of the paucity of c.vperimcntal data, it seems dc.sirablc that this aspect of 
the matter, theoretically' of no little interest, should be more thoroughly 
investigated. 

The validity of the hypothesis of Krebs and Ilcnscleit would be grc.ntly 
enhanced if citrulline could be isolated from li\’cr ti.«suc or if either reaction 

(1) or (II) could be shown actually to occur as an accompaniment of urea 
sj'n thesis. It is quite certain that animals can in some manner convert 
ornithine into arginine (0), and also (hat the amidinc group of the latter 
(the part liberated by nrgin.aso as urea) can be built up out of NHj (7) and 
HCOa” (S, 9). Kitsugawa (10), perfusing the wall of the stomach, obtained 
some evidence for the conversion of citrulline into arginine or (presumably 
through the successive operation of reactions (II) and (III)) into ornithine. 
Ikeda (11) has reported the production of ornithine from citrulline in the 
perfused liver. Borsook and Dubnoff (12) have demonstr.atod that sur- 
viving kidney slices c.an transform citrulline into arginine. On the other 
hand for the occurrence of reaction (I), or indeed for the production under 
any circumstances of citrulline in the animal body', there has hitherto been 
no direct evidence. 

With the foregoing considerations in mind we have carried out, and now 
report, the following three groups of experiments: (1) an e.xtended series 
in which ornithine and citrulline, in a wide range of concentrations, were 
compared with respect simply' to their effect upon the speed of urea sy'n- 
thesis. This series included also a number of e.xperiments with arginine; 

(2) a group demonstrating the actual production of citrulline from orni- 
thine during the synthesis of urea; (3) a group devoted to a comparison of 
the ammonia nitrogen to urea nitrogen ratios e.xhibited under the catalytic 
influence of widely varied concentrations both of ornithine and of citrulline. 

In actual performance these three groups of experiments partly over- 
lapped one another. The general outcome of all was to confirm, and in 
certain respects to amplify, the theory' of Kr-ebs and Henseleit. 

Methods 

General Technique— In all of our experiments we employed the tissue 
slice technique, adopting, with only minor modifications, the procedure 
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described by I&ebs and Henseleit (1). The animals used -were Wistar 
rats, of either sex, killed bj" stunning after a fasting period of, usually, 48 
hours. The livers were cut free-hand nith a thin razor blade, and slices, 
trimmed about 30 sq. mm. and of 0.3 mm. thickness, were washed thrice, 
for 2 minutes at a time, in 20 ml. of a 0.9 per cent NaCl solution, to each 
liter of which there had been added 20 ml. of 1.15 per cent KCl and 20 ml. 
of 0.11 xi CaCl:. The washed slices, in a number (five to seven) estimated 
to have a dry weight of about 10 to 12 mg., were distributed in 25 ml. 
Erlenmeyer flasks already charged with 3.5 to 4.5 ml. of the required reac- 
tion mixture. The flasks, each of which was provided with an inlet and 
a capillary outlet, were immersed, on a multiple holder, in a water thermo- 
stat at 37.5°. The inlets were connected through a manifold and a wash 
bottle to a reseiamir of oxygen containing 5 per cent of CO2; the outlets 
dipped just below the siuface of the bath. The flasks were shaken at a 
rate of 70 C3’cles per minute with an amplitude of 6 cm. For the first 12 
minutes or so thej' were flushed with the gas mixture at a rate to cause 
vigorous bubbling from the outlets. After this period of equilibration the 
flow of gas, though not completelj’’ interrupted, was cut down to about 
twenty bubbles per nainute. The experiment was timed from this point, 
which was reached in less than 1 hour from the killing of the animal. The 
duration of the experiment was usualb' 2 hours. At its completion the 
liver slices of each vessel were removed, rinsed, dried, and weighed. Con- 
venient fractions of the residual medium were taken for the determination 
of urea, citrulline, and ammonia. 

Reaction Mixture — This consisted of the “new” physiological saline of 
Krebs and Henseleit (1), with admixtures of NH3, lactate, and, as the case 
might require, either ornithine or citrulline. Its volume varied in different 
experiments between 3.5 and 4.5 ml. The NH3 was supplied in the form 
of a 0.827 per cent NHiCl solution, and in such amount as to give in the 
completed mixture an NH3 concentration of 0.015 per cent. For the 
lactate, we have used both commercial and crj'stallized lactic acid, neu- 
tralized with NaOH to pH 7.4, and diluted to give a 3 per cent solution of 
sodimn lactate. The volume taken was that required to give a final 
concentration of 0.2 per cent. l(-l-)-Ornithine hj'drochloride and 1(4-)- 
citrulline, prepared according to Hunter (13) and GomaU and Hunter (14) 
respectivelj^ were used in concentrations so adjusted (from 0.2 up to 5.4 
per cent) that the volume of amino acid solution required was usuallj^ about 
one-twentieth and never more than one-fifth of the whole reaction mixture. 
The saline, in quantit3' sufficient to make up the total volume desired, was 
added last. Reference to the sample protocol of Table I will clarif3" the 
procedure. The pH of the final mixture was alwa3m 7.4. The dilution 
effected by the addition of the moist liver slices was estimated at not more 
than 1 or 2 per cent. 
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Ddcrmiualmi of Aimnonia — In our first experiments, taking for each 
determination O.fi ml. of tlio reaction mixture, we emploj'cd for ammonia 
the jihotocolorimetric mieromethod of Mason and Rozzcll (15), which 
depends on ncsslerization. Later we discovered that the development of 
the Nessler reaction is hindered by tlic presence of ornithine. This 
phenomenon, wliich we do not remember to have seen mentioned before, 
can lead to serious error. In mi.xtures containing 0.5 per cent of ornithine, 
a concentration e.xceedcd in some of our c.vpcriincnts, the color produced 
from ammonia is about half a.s intense ns would normally be expected. 
Only with ornithine concentrations Ic.ss than about 0.025 per cent can this 
cfTect be safely neglected. Citrulline shows an interference similar in kind, 
but much less marked, becoming perceptible onl}' at concentrations above 
0.1 per cent and involving no scriou-s error c\'en at 0.25 per cent. 

Tlic disturbing elTcct of ornithine was avoided in later c.xpcriments by 
adopting for ammonia the difTusion-lifration melliod of Conway and 
Byrne (IG). Tlie volume of reaction mixture taken for the estimation was 
usually 0.7 ml., containing dO to SO y of NIL. Over this range the method 
gave in control e.xperiments results within 2 per cent of the theoretical. 

Determination of Urea — This was carried out on 3 ml. of tlie mixture by 
the manometric urease method of Krebs and Hcnscloit (1). The urease, 
in order that it should interfere as little as possible with the subsequent 
determination of citrulline, was prepared (from an extract of jack bean 
meal) by a double precipitation with acetone (17). In use, 1 gm. of the 
dry enzjmic powder was digested for an hour with 10 ml. of water. The 
resultant suspension was treated with 0.5 ml. of acetate buffer (1), allowed 
to stand for a further half hour, and then lightR' centrifuged. The super- 
natant liquid, if kept in the ice bo.x, retained its activit}’- for at least 2 
Aveeks. 

Determination of Citrulline— Mter the determination and destruction of 
urea the contents of the manometer vessel were transferred quantitatively 
to a 15 ml. volumetric flask, cleared of protein, and analyzed for citrulline. 
We have described elsewhere (17) the photocolorimetric method employed 
and the details of its application to tissue slice experiments. 

Comparison of Ornithine and Citrulline in Their Effects upon Urea Synthesis 

In experiments upon o\^er 80 rats, involving more than 300 indiAudual 
determinations of urea, we studied the production of that substance b}'' 
liver slices from fasted animals in a saline medium containing, per 100 ml., 
15 mg. of NIL, 200 mg. of sodium lactate, and varying quantities (from 
0.5 to 1000 mg.) of either ornithine or citrulline or (in a few cases) arginine. 
About one-third of the measurements was made under the general condi- 
tions represented in Table I, the effects of ornithine and citrulline being 
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compared in parallel experiments upon slices from a single liver. In the 
remainder one catal 3 'st onlj’ was studied at a time. For each liver made 
use of we determined the basal level of urea synthesis by a control experi- 
ment, in which the saline bathing the tissue slices had no other additions 
than ammonia and lactate. The duration of the experiment was in every 
case 2 hours. 

The results of the urea determinations are expressed in terms of the 
“urea quotient” of Krebs and Henselcit (1); i.e., Qurea = (c.mm. of CO 2 
from urea)/(mg. of dry tissue X hours). The effect of an added “catalyst” 
upon urea synthesis is measured by the increase of the quotient above the 

Table I 

Sample Protocol. Rat 101 

Volume of reaction mixture, 4.5 ml.; NHi 0.015 per cent, Na lactate 0.2 per cent; 
time, 2 hours. 


Vessel No ... 

1 

2 

3 

4 

s 

6 

7 

NH,C1 0.827%, ml 

0.26 

0.26 

0.26 

0.26 

0.26 

0.26 

0.26 

Na lactate 3%, “ 

0.30 

0.30 

0.30 

0.30 

0.30 

0.30 

0.30 

I(-f-)-Omithine HCl, 2.6%, ml 


0.03 

0.13 





“ “ 5.2%,“ .. . 




0.33 




l(+)-CitrulIine, 2.7%, ml 





0.03 

0.13 


“ S.4%, “ 







0.33 

Saline, ml 

3.94 

3.91 

3.81 

3.61 

3.91 

3.81 

3.61 

Ornithine, mg. per 100 ml 

0 

17.5 

75 

380 




Citruiline, “ “ 100 " 

0 




18 

78 

396 

Dry weight of slices,* mg 

10.71 

10.47 

10.96 

11.33t 

10.72 

11.03 

11.13 

Urea in 2 hrs., c.mm. COj 

112.8 

222 

227.3 

165.0 

218 

237 

200 

“ quotient 

5.27 

10.60 

10.37 

7.28t 

10.17 

10.74 

8.99 

“ " increase 


5.33 

5.10 

2.01t 

4.90 

5.47 

3.72 


’ Seven slices in each. 

t Mean values from two parallel experiments. 


basal value indicated by the control. Our basal quotients, ranging mostly 
between 4.0 and 6.0 and averaging 5.2, have, generally speaking, been larger 
than those reported by Krebs and Henseleit, our gross quotients of similar 
magnitude to theirs, and our observed increases therefore on the whole 
somewhat smaller. 

To display the numerical data in their entirety would take an undue 
amount of space. We content ourseh’es therefore with reporting (a) in 
Table I the complete protocol of a single representative experiment, (6) 
m Table II a list of the individual values for increase of urea quotient 
found, anywhere in the series, at one particular concentration (10 mg. per 
cent) of ornithine or citrulline, and (c) in Table III a summary of the col- 
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Icctccl vosuUs lit all conccnlrnlions of ornithine, citrullinc, and arginine 
tested. In tlio con.sf ritelion of the .summary a few experiments, which 
(like tlio.so of Table I) were made at concentrations other tlian those 
specified, have been groiiijed for convenience under tlic nearest listed value. 

Taiu.c II 


Increases of Urea Quotirnl Ohscrecd in All Uxperimrnts wilh 10 Mg. per 100 Ml. of 
Ornithine Jhjdrochloridc or Equivalent Concentration of Citrullinc 



Ornllhlnc 

Citrullinc 

Individunl c.vporimcnt.s 


2.59 



2.07 



3.00 


3.2S 

3.44 


3. CO 

3.45 


•1.01 

3.50 


■1.23 

3.52 


4.2S 

3.67 


•l.-ll 

3.72 


4.05 

3.73 


5.70 

3.92 

4.23 

4.62 

4.66 

Mean 

4.01 

3.62 

Parallel experiments 

* 3.42 

3.19 


4.21 

3.46 


4.39 

3.30 


5.07 

3.67 


5.25 

3.63 


5.27 

3.48 


5.88 

4.37 


6.08 

4.23 

Mean 

4.95 

3.67 

Mean of all experiments 

4.38 

3.64 

Standard deviation of mean 

±0.937 

±0.544 


Concentrations arranged in the same horizontal line are, it may be noted, 
molecularly equal. Detailed data concerning some of the experiments 
included in the summary maj’- be seen in later tables. 

Table II serves to exhibit the great variability of the results obtained at 
any one concentration of either catalyst, and to emphasize the impossi- 
bility of drawing valid conclusions from a comparison of single determina- 
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tions •s\ith each. It is true that in the parallel experiments of Table II 
the ornithine result is invariably the higher of the two, but at no other 
concentration has even this measure of consistency been observed. For 
this reason we have entered in the summary (Table III) not only the mean 
for each group, but the number of observation.s iijjon which it is based and 
its calculated standard deviation. We have further indicated those con- 
centration levels (three only in number) at which, according to the t test 
of Fisher (18), the mean result for citrulline differs significantl 3 " Irom the 
mean for ornithine. 


Table III 

Effects upon Urea Production of Increasing Concentrations of Ornithine, Citrulline, 
and Arginine; Summary of All Results 


NHj 0.015 per cent; Na lactate 0.2 per cent; time, 2 hours. 


Ornithine HCl 

Citrulline 

Arginine HCl 

Mg. per 
100 ml. 

No. of 
obser- 
vations 

_Mean 
increase 
of urea 
quotient 

Standard 
deviation 
of mean 

Sfc. per 

too ml. 

No. of 
obser- 
vations 

Mean 
increase 
of urea 
quotient 

Standard 
deviation 
of mean 

Mg. per 
100 ml 

No. of 
ob- 
serva- 
tions 

1 Mean 
! increase 

1 of urea 

1 quotient 

0.5 

H 



0.52 

14 

0.75 



1 

0.66 

2 

lai 

1.85 


2. OS 

19 

1.34 


2.50 

2 

2.35 

5 

17 

3.37 

±0.75 

5.2 

23 

2.38* 

±0.57 

1 6.24 

4 

5.00 

10 

20 

4.38 

±0.94 

10.4 

1 22 

j 3.64* 

±0.54 

12.5 

2 

7.61 

20 

17 

4.86 

±1.06 

20.8 

15 

4.75 

±1.09 


2 

9.76 

50 

11 

4.82 

±1.20 

52.0 

6 

4.80 

±1.29 

62.4 

2 

16.6 

100 

12 

4.91 

±1.48 

104 

1 12 

5.14 

±0.81 

125 

2 

23.4 

200 

7 

3.08 

±1.16 

208 


4.33 

±0.42 




300 

1 

2.92 


312 


3.58 





400 

6 

1.83 


416 


3.03 

±1.02 




500 

8 

1.82 

±2.01 

520 

8 

2.31 

±1.25 




600 

5 

Mm 

Bj»!l 

624 

4 

1.05* 

±0.50 




1000 

2 


EXi 

1040 

2 

1.59 

±1.08 




— 

- 

* 










* Significantly different from the corresponding ornithine result. 


The data of Table III afford ample confirmation, if that were needed, of 
the original observations of Krebs and Henseleit upon the stimulation of 
urea production by citrulline as well as by ornithine. They provide, 
further, a larger material than has hitherto been available for comparing 
the relative efficiency of the two substances and the effects of varjdng 
concentrations of either. It is seen that in each case the effect increases 
regularly with concentration up to a level of 20 (in the case of ornithine 
perhaps only up to 10) mg. per 100 ml., that from 20 to 100 it remains 
constant, and that at still higher levels it falls off again, occasionally, with 
ornithine, reaching negative values. It may be said that, as far as ornithine 
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is concerned, the relations observed arc in complete harmony with such 
relevant data ns arc to bo found in the pnper of Krebs and Ilensolcit (1). 
Comparable data for citrulline do not exist. 

The catalytic nature of the ornithine effect was inferred by Krebs and 
Hcnscleit (1) from tlicse two observations; (a) that the rise in urea pro- 
duction is not accompanied byanycorrcsponcliuK consumption of ornithine, 
and (6) that a small quantity of ornithine may promote the synthesis of 
several times its molecular equivalent of urea. In the present series of 
experiments the action of citrulline has been found to ])rcscnt the same two 
characteristics. ^Yhcncver a citrulline determination has been made at 
the end of a 2 hour cxiieriment, it has yielded, within the experimental 
error, the amount which liad Ik'cu added at the beginning. As for the 
second point, it might be deduced from the mean values of urea quotient 
at low concentrations of citrulline, as given in Table III, but it is more 


Tahi,e IV 

Catalytic Effect of Citrulline 
Rat 23; volume of medium, 3.5 ml.; time, 2 hoars. 


CUtuUine j 

Uvcf 

do* weight 

! 

Extra CO; 

Urea increase 

j 

>ro!e5 urea 

Concentration 

In 3.5 ml. 

from urea 

Moirt citfulline 

mg, JOO ml. 

micromolfs 

mg. 

c.mm. 

tntcrcmolet 


0.S2 

0.104 

7.57 

18.7 

O.Si 

8.1 

2.0S 

0.416 

C.9C 

34.9 

1.57 

3.8 

5.2 

1.04 

6.71 

40.1 

1.80 

1.7 

10.4 1 

2.08 

7.01 

61.5 

2.77 

■ 

1.3 


directly exhibited in a typical single e.xperiment, such as that of tvhich 
the data (with relevant calculations) arc recorded in Table IV. On such 
evidence rve conclude that citrulline e.xerts the same kind of catalytic effect 
as ornithine. 

If, returning to Table III, we compare equivalent concentrations of 
ornithine and citrulline, it will be seen that in the region of increasing 
quotients the effect of the first appears to be greater than that of the second, 
and that at tw-o levels (5 and 10 mg. per 100 ml.) the difference shown is 
statistically significant. At high concentrations this relation is reversed, 
although only at 600 mg. can the difference between means be said to have 
significance. Over the middle region of maximal action the effect of 
citrulline is indistinguishable from that of ornithine. In previous com- 
parisons of this sort as reported by Krebs and Hcnseleit (1), Bach (4), 
and Isawa, Togo, and Kawabu (6), the effect of citrulline has appeared to 
be greater than that of ornithine. Details of Isawa ’s measurements are 
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not accessible. Those of I&ebs and Henseleit, two in number, were made 
at an amino acid concentration of 200 mg. per cent, and are therefore in 
agreement with our own obser\’ations at that level. Bach reports but one 
experiment, in which, moreover, the respiratorj' substrate was not lactate, 
but ketoglutarate. 

If, as the Krebs theory postulates, citrulline is a necessary intermediate 
in the production of urea from ornithine, it is evident that the stumilating 
effect of the latter cannot exceed that of an equivalent concentration of 
the first. One is forced therefore to consider the possible significance of 
the fact that at two concentration levels (5 and 10 mg. per 100 ml.) ornithine 
does apparently give a higher quotient than citrulline. This might mean 
that the Krebs cj’cle is not the onlj' path along which ornithine is here 
giving rise to luea — that some alternative mechanism, such as that sug- 
gested by Bach (4), is simultaneously in operation. If this were so, one 
would hardly expect the difference to disappear, as it does, at higher con- 
centrations. We prefer therefore to believe that the discrepancy is only 
apparent, and that it is to be attributed to factors which we have not yet 
learned either to recognize or to control. It has to be remembered that 
the effective concentrations of catatyst are those within the liver cell, and 
that these are not necessarily the same as the concentrations in the sur- 
rounding medium. The attainment of a given intracellular concentration 
may conceivably require a greater “head” of citrulline than of ornithine. 
In any case we consider the differences, such as they are, evident at low 
concentrations to be less significant than the identity of effect found over 
that whole broad span of concentrations (20 to 100 mg. per 100 ml.), in 
which the mea-producing mechanisms are working in the presence of an 
excess of catalyst and at the peak of their capacity. If ornithine and 
citrulline were involved in independent mechanisms, this identit}'- would 
form a surprising coincidence. In the cycle of Krebs it is just what one 
would expect, provided only that, under the given conditions, reaction (II) 
IS not more rapid than reaction (I). This proviso, it will presently be 
shown, is fulfilled, (II) being actually the slowest of the three reactions. 
We regard our results, then, as evidence that all of the extra urea observed 
m these experiments originated through the ornithine cycle. 

As further evidence that the actions of ornithine and citrulline are parts 
of a single mechanism we may add that the combined effect of both never 
exceeds the maximal effect of one alone. Thus in one experiment (Rat 
126) with 12 mg. per cent of each catalyst, and in three (Rats 127, 128, 
129) with 60 mg. per cent of each, the increases of urea quotient observed 
■v\ere, respectivelj', 5.23, 4.71, 4.92, and 5.12. These are just such increases 
as occur with an optimal concentration of either catalyst by itself. Had 
each been operating upon a separate system, it might have been expected 
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that tlioir cfTccts would be add'divo; in that ease the quotients would have 
reached mueh higher values. 

The rea.son for the fall in urea production, which sets in at concentrations 
over 100 mg. per cent, is uncertain. We have considered the possibility 
that it might be duo to the coming into effect of the well known inhibiting 
action of ornithine (or citrulline) upon the enzyme arginasc, with a conse- 
quent blocking of the cycle .specifically at reaction (III). Two facts 
appear to negative so simple an explanation of the phenomenon: (1) we 
have failed to detect any such accumulation of arginine ns would necessarily 
result, and (2) the drop in urea production, whether with ornithine or 
citrulline, is accompanied (.‘^cc Table VUI) by a drop in the consumption 
of ammonia, indicating a retardation of reactions (I) and (II). Amino 
acid concentrations of 0.2 to 1 percent arc of course quite unphysiological, 
and cannot be without effect upon osmotic and other relations of the liver 
cells. It seems likely that they produce a general depression of functional 
activity, of which the diminished production of urea is but one expression. 
With ornithine this effect was sometimes great enough to depress the urea 
quotient below its basal level (see in Table III, the moan value for COO mg. 
per cent and, also, in Table VI, the individual values for Rats 92, 118, and 
119). 

Tlie urea quotients shown in Table III for arginine rise to levels much 
higher than the peak attained with ornithine, and, as far as they go, show 
no indication of having an upper limit of their own. It seems evident 
then, even without closer analj’sis, that the rate of arginine hydrolj’sis 
(reaction (III)) cannot be a limiting factor in the speed of urea production. 
It is to be presumed, however, that under the c.xisting circumstances the 
quotients observed reflect not only the direct production of urea from 
arginine by the liver arginasc but, in summation therewith, the synthesis 
of urea through the action, within the Krebs cycle, of the ornithine simul- 
taneously set free. In order to ascertain how far this presumption could 
be substantiated we calculated, for each individual experiment with ar- 
ginine, the urea quotient which would have been obtained had the arginine 
been completely hydrolyzed and liad there been no other source of urea. 
The results are given in the fourth column of Table V, where they may be 
compared wdth the mean increases of quotient actually found (third 
column). The comparison shows that at the lower concentrations of 
arginine (up to 25 mg. per 100 ml.) the extra urea produced is far from 
being accounted for by hydrolj'sis alone. The excess of the “found” over 
the “hydrolysis” quotient, entered in Table V as “surplus” quotient, we 
interpret as reflecting the catalytic effect upon urea synthesis of the 
ornithine directly derived from the added arginine. It can hardly be a 
coincidence that up to an arginine concentration of 12.5 mg. per 100 ml. 
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the surplus quotients calculated are not significantlj^ smaller than those 
yielded by equivalent concentrations of originally uncombined ornithine 
(see Table III). We take this to mean that arginine, in concentrations 
not exceeding the limit indicated, is hj^drolyzed by the liver slices so 
rapidly and so completely that its addition is equivalent, in effect upon 
urea synthesis, to that of so much free ornithine. With greater concentra- 
tions of arginine complete hydrolysis, it is evident, is not accomplished 
vithin the period of the experiment. The stimulating effect of “nascent” 
ornithine is accordingly either partially (as at the 25 mg. level) or entirely 
masked. It may be presumed not only that it still exists, but that it con- 
tinues to increase up to, j^et not beyond, the already determined maximum 
represented by a mean quotient of about 5. If this be granted, it will 


Table V 


Analysis of Effect of Arginine on Urea Production 


Concentration of 
arginine HCl 

Corresponding 
concentration of 
ornithine HCl 

Urea quotients 

Mean increase 
above basal, as found 
(Table III ) 

MaTimum possible 
by hydrolysis of 
arginine 

Mean surplus by 
synthesis 
(ornithine cycle) 

per 100 ml. 

mg. per 100 m!. 





0.5 

0.66 




2.0 

2.35 

0.95 



5.0 

5.00 

2,14 

2.86 


10.0 

7.61 


3.35 


20.0 

9.76 



62.5 

50.0 

16.6 

18,6 


125.0 

100.0 

23.4 

37.3 



appear that at the highest arginine concentration tested, where the quotient 
rose to 23.4 above basal, urea was being produced b 3 ’' direct h 5 'drolysis 
several times as fast as bj"^ synthesis. Evidently, then, the liver is capable 
of hydrolyzing arginine much more rapidly than the ornithine cjTle, work- 
ing at the limit of its efficiency, can ever supply it. 

Production and Accumulation of Citrulline during Ornithine-Catalyzed 
• Synthesis of Urea^ 

Table VI presents the record of those experiments, in which, using lactate 
as respiratory substrate and ornithine as catalyst, we determined not onlj’^ 
the production of urea, but also that of citrulline. The number of rats 
employed in this series was twenty-two. The ornithine was added to the 
medium in concentrations ranging from 7.5 to 1000 mg. of the hydro- 

’ A preliminary account of the work described in this section was presented to the 
Royal Society of Canada in May, 1941 (19). 
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TAtii.r. VI 

Accuiniilntion of CitrulUnr rlurinff Vren Si/nlhrsia 


NHi 0.015 por coni; N’.-i I.'iotnlo 0.2 per cent. 



OrnllIJne 

Volume of 

I>0’ li'ff 

Dufiition 

of 

etjirfiment 

Ciirullin'' 

CitruIIine 

Ure.t 

CoeiTicient 
of ciituiline 

ISH 

IICI 

mnlium 

(inue 

fouti'! 

quotient 

quotient 

accumu* 

lalion 

(I) 

(J) 

(j) 

(«) 

(5) 

«■.) 

(7) 

(S) 

0) 


PTf. f^r ICO 
mt. 

ptf. 


Aft. 

rtf. f ff ICO 
rtl. 




82 

0 

3.5 

10.5 

n 



5.67 



50 

3.5 

10.2 

n 

2.0 

0.14 

11.1 

0.03S 


75 

3.5 

10.6 

o 

2.7 

0.57 

11.0 

0.019 


100 

3.5 

10.2 

o 

3.6 

0.79 

11.2 

0.0G6 

85 

0 

3.5 

13.6 

3 



4.44 



20 

3.5 

14.9 

3 

1.3 

0.13 

7.32 

0.017 


GO 

3.5 

14.7 

3 

3.2 

0.33 

7.70 

0.041 


100 

3.5 

13.2 

3 

3.9 

0.41 

8.51 

0.019 

87 

0 

3.6 

12.2 

3 



4.74 



75 

3.5 

12.3 

3 

o o 

0.27 

9.62 

0.027 

89 

0 

3.5 

11.5 

Ol 

♦'A 



5.74 



7.6 

3.5 

12.9 

2i 

0.3 

0.010 

9.01 

0.005 


15 

3.5 

12.7 

21 

0.0 

0.094 

8.94 

0.010 


30 

3.5 

11.5 

Ol 

•'A 

1.2 

0.21 

10.0 

0.021 


60 

3.5 

11.6 

2i 

2.0 

0.44 

9. OS 

0.043 

90 

0 

3.5 

17.4 

21 



4.19 



50 

3.5 

18.2 

2i 

1.5 

0.17 

7.02 



100 

3.5 

16.0 

2i 

3.0 

0.37 

8.33 



200 

3.5 

17.2 

2i 

4.7 

0.55 

S.Ol 

0.064 


500 

3.5 

16.4 

2} 

13.0 

1. 58 

5.33 

0.23 

91 

0 

3.5 

12.2 

2 



5.65 



100 

3.5 

12.0 

2 

3.0 

0.56 

10.6 

0.050 


200 

3.6 

11.2 

2 

4.5 

0.90 

10.9 

0.076 


400 

3.5 

12.7 

2 

6.8 

1.20 

8.79 

0.12 


600 

3.5 

12.5 

2 

11.0 

1. 98 

6.06 

0.25 

92 

0 

3.5 

10.5 

2 



6.57 



600 

3.5 

12.4 

2 

16.6 

2.99 

5.50 

0.35 

93 

0 

3.6 

12.7 

2 



5.90 



300 

3.5 

13.8 

2 

7.3 

1.18 

8.82 

0.12 


600 

3.5 

13.8 

2 

13.0 

2.11 

6.33 

0.25 

94 

0 

3.5 

10.7 

2 



5.16 



75 

3.6 

10.3 

2 

4.1 

0.89 

12.1 

0.069 


150 

3.5 

11.9 

2 

7.8 

1.47 

9.89 

0.13 


450 

3.5 

11.4 

2 

18.7 

3.67 

7.23 

0.34 

95 

0 

3.6 

11.4 

2 



4.97 



500 

3.5 

11.0 

2 

11.9 

2.42 

8.45 

0.22 


1000 

3.6 

10.6 

2 

14.5 

3.07 

6.98 

0.31 

97 

0 

3.5 

7.60 

2 



5.38 


100 

3.5 

7.46 

2 

2.6 

0.78 

12.2 

0.060 


500 

3.5 

8.44 

2 

6.1 

1.62 

10.7 

0.13 


1000 

3.5 

8.97 

2 

10.1 

2.52 

7.44 

0.25 












A. G. GORNALL AND A. HUNTER 


605 


• Table VI — Concluded 






Duration 

of 

experiment 





Rat 


Volume of 

Dr>* liver 

Citrulline 

Citrulline 

Urea 

of citrulline 

No. 

HCl 

medium 

tissue 

found 

quotient 

quotient 

accumu* 

lation 

(1) 

(2) 

(3) 

W ) 

(5) 

(6) 

(7) 

(8) 

(9) 


rtf. ffT iOO 

Pil. 

mt. 

mg. 

hrs. 

mg. per JOO 
ml. 



■ 

100 

0 

3.5 

8.36 

1 



5.52 

Hi 


200 

3.5 

8.21 

i 

0.6 

0.65 

8.01 

mSm 


200 

3.5 

8.31 

1 

1.1 

0.59 

8.89 

mSm 


200 

3.5 

7.88 

li 

2.8 

1.06 

10.1 



200 

3.5 

8.23 

2 

3.9 

1.06 

10.0 

0.096 

101 

0 

4.5 

10.7 

2 



5.27 



17 

4.5 

10.5 

2 

0.6 

0.16 

10.6 

0.015 


75 

4.5 

11.0 

2 

2.7 

0.71 

10.4 

0.064 


380 

4.5 

11.5 

2 

9.3 

2.33 

7.13 

0.25\ 


380 

4.5 

11.2 

2 

9.3 

2.39 

7.41 

0.24/ 

107 

23 

4.5 

10.1 

2 

0.3 

0.086 

11.2 

0.008 


230 

4.5 

10.6 

2 

5.3 

1.44 

8.57 

0.14 

108 

0 

4.5 

11.1 

2 



5.44 



20 

4.5 

10.1 

2 

0.9 

0.25 

10.8 

0.023 


200 

4.5 

12.1 

2 

7.4 

1.76 

8.11 

0.18 


520 

4.5 

12.8 

2 

14.0 

3.15 

5.90 

0.35 

■HUB 

433 

4.5 

15.0 

2 

11,8 

2.26 

6.54 

0.26 

■13 

0 

4.5 

11.3 

2 



4.91 



26 

4.5 

11.6 

2 

0.65 

0.16 

9.85 

0.016 


520 

4.5 

12.3 

2 

12.3 

2.88 

7.39 

0.28 

111 

0 

4.5 

13.3 

2 



4.63 



433 

4.5 

13.8 

2 

6.6 

1.38 

7.27 

0.16 

117 

0 

4.5 

11.1 

2 i 



5.60 



17 

4.5 

11.3 

2 i 

0.6 

0.14 

9.68 

0.014 


200 

4.5 

12.4 

2 i 

6.1 

1.26 

7.35 

0.15 


400 

4.5 

11.8 

2 i 

8.2 

1.78 

6.32 

0.22 


600 

4.5 

11.0 

21 

10.4 

2.42 

5.65 

0.30 

118 

0 

4.5 

11.0 

2 i 



6.54 



29 

4.5 

10.7 

21 

0.4 

0.096 

10.5 

0.009 


200 

4.5 

10.7 

2 i 

3.0 

0.72 

9.06 

0.074 


400 

4.5 

10.7 

2 i 

6.5 

1.56 

7.83 

0.17 


600 

4.5 

11.1 

2 i 

10.9 

2.51 

5.77 

0.30 

119 

0 

4.5 

13.3 

2 i 



5.79 



100 

4.5 

13.8 

2 i 

5.3 

0.98 

8.78 

0.10 


500 

4.5 

13.7 

2 i 

21.0 

3.93 

4.36 

0.471 


500 

4.5 

13.8 

21 

18.1 

3.36 

4.28 

0.44/ 

166 

0 

4.5 

9.32 

2 



4.57 



10 

4.5 

10.5 

2 

0.16 

0.044 

9.46 

0.005 


20 

4.5 

10.2 

2 

0.88 

0.11 

9.29 



30 

4.5 

10.2 

2 

0.63 

0.18 

9.47 

0.019 


40 

4.5 

9.13 

2 

0.8 

0.25 

10.5 

0.023 


80 

4.5 

9.24 

2 

1.3 

0.40 

11.5 

0.034 

- 

160 

4.5 

10.3 

2 

2.7 

0.75 

11.3 

0.062 









coo 


viu:\ SYNTirrsis is uvy.n 


chloride per 100 ml. 'Fho hasal porrormnneo ofonch liver (two excepted) 
was determined in a panillel experiment without added oniithinc. In 
Table VI the observed ^ross ratc-s of urea production are prc.scnted in the 
usual way as urea quotient.s (Column S). The result of each citrulline 
determination is given in two way.s, first, in Column 0, ns the concentra- 
tion actuallj' found in the mediutn at the end of each experiment and, 
secondly, in Column 7, as a ‘‘citrulline rjiioticnt.” The latter has been 
calculated ns 


niR. citrulline in volume of medium 
inp. dry tissue X hrs. 


X 


22,-100 

175 


and represents, in terms of the Krebs thcor}’, the volume of (gaseous) 
ammonia (in c.mm. per mg. of dry tissue per hour) which, after uniting 
with ornithine in reaction (I), has failed to enter the later stages of the 
cycle. It is therefore dircctlj' comparable with the urea quotient which, 
although originallj' defined in terms of CO;, must, if the theory is correct, 
be a measure also of (a) ammonia taken up in reaction (I) and carried on 
through subsequent stages to appear in urea or, equal therewith, (b) am- 
monia taken up in reaction (II). The sum of the two quotients will give 
the total amount of ammonia, per mg. and hour, entering into the cycle 
with reaction (I). The fraction of this total which fails to go further may 
be called the “coefficient of citrulline accumulation,” or simply the “citrul- 
line coefficient.” Calculated as 

Citrulline quotient 

Citrulline quotient -f uren quotient 


it has been entered in Column 9 of Table VI. 

The prime result of the experiments is the demonstration that, when 
liver slices from fasted animals are suspended in a medium containing am- 
monia, sodium lactate, and ornitliine, the customary acceleration of urea 
synthesis is accompanied by an accumulation of appreciable, and under 
favorable conditions substantial, quantities of citrulline. No certain 
indications of the presence of citrulline have ever been obtained in the 
absence of added ornithine, but in the presence of as little as 0.0075 per 
cent of the hydrochloride its concentration reaches measurable dimensions 
witliin 2 hours (Rat 89), and it seems a fair inference that some slight 
accumulation occurs at levels even lower. The data, it is to be noted, 
present no exceptions; whenever ornithine (within the range of concentra- 
tions tested) was present, citrulline made its appearance. Up to at least 
2 hours the production of citrulline, like that of urea, is progressive with 
time (Rat 100). Both, likewise, are functions of the intact liver cell. 



A. G. GORN'ALIi AND A. HUNTER 


607 


Thus in the presence of 75 mg. per cent of ornithine liver slices from Rat 
87 produced in 3 hours a citrulline concentration of 2.2 mg. per 100 ml. 
Under the same conditions an equal weight of macerated tissue from the 
same liver produced no detectable quantity. 

It will hardly be doubted that the citrallinc found in these experiments 
was synthesized from the added ornithine, but, if any evidence beyond 
their chemical relationship be required, it will be found in the correspond- 
ence exhibited between the ornithine concentration of the medium and the 
quantitj’ of citrulline produced. It is true that at an}’’ one ornithine level 
the citrulline quotients of different livers vary as widelj-^ as the coincident 
increases of urea quotient. Thus at 200 mg. per cent of ornithine we 
find citrulline quotients varying from 0.55 (Rat 90) to 1.76 (Rat 108). 
But for any individual liver each rise in ornithine concentration is accom- 
panied invariably by an increased accumulation of citrulline. At the 
lower ornithine levels (up to about 100 mg. per cent) ornithine concen- 
tration and citrulline accumulation are, in fact, almost exactlj^ proportional 
to one another (see Rats 89, 90, 94, 101). At higher levels proportionality 
commonly fails (Rat 118 presenting here a striking exception), but citrul- 
line values still continue to rise. The highest concentrations actually 
attained in individual experiments of the series were 18.7 (Rat 94) and 19.6 
(average. Rat 119) mg. per cent, the citrulline quotients corresponding 
being 3.67 and 3.65. The ornithine concentration, at which these rather 
remarkable accumulations of citrulline were observed, was 450 to 500 mg. 
per 100 ml. It is not to be inferred that that concentration is a limiting 
one. The results with Rats 94 and 119 are somewhat exceptional; Rats 
95 and 97 show that an increase of ornithine from 0.5 to 1 per cent is still 
accompanied by a rise in the rate of citrulline accumulation. The data 
suggest in fact that with increasing ornithine concentration the citrulhne 
quotient will rise indefinitely. Its behavior is therefore altogether different 
from that of the quotient for either extra or total urea. 

The inferences thus drawm from individual experiments are supported 
by a comparison of the averages, -which, along ■^^^th certain other calculated 
data, are recorded in Table VII. These averages are obtained by group- 
ing, as indicated, all results falling within each of certain reasonably narrow 
ranges of ornithine concentration. It -will be evident that the citrulline 
data thus averaged, whether as concentrations, quotients, or coefficients, 
lie on or near a curve, the initial part of which, up to an ornithine concen- 
tration of about 100 mg. per 100 ml., is a straight line. The cun^e for 
quotient continues to rise, although at a diminishing rate, to the end. 
The coefficient appears to reach a maximum at 0.5 to 0.6 per cent of orni- 
thine, but this may be merely because the two observations made at 1 
per cent were too few to give a fully representative average. It will be 
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noted dial, at that level the tirea qnofient, as well aa the sum of the two 
quotient.^, also falls- out of line. 

The rc.sults as a whole we take as demonstrating (a) tliat liver slices can 
convert ornithine into eitrulline and (h) that .such conversion is a constant 
nceoinpaniment of the .synthesis, llirougli added ornithine, of urea. It 
li.as already In'en .shown that eitrulline stimidales the i)roducfion of urea 
in essentially ithe .same degree .os ornithine. Taken in conjunction these 
findings fall little .short of jiroof that citndline lies on a path between 
ornithine and nrea. To that extent they fnrnisli direct and cogent evi- 
dence in .support of the liypothe.sis of Krebs and Ilen.sclcit. 

Taking that hypothesis, accordingly, ns firmly ost.ablishcd, wc regard 
the accumulation of eitrulline in our experiments as proof that it was being 
converted into arginine less rajiidly than it was iirotluccd from ornithine. 

Taiii,j; VII 


Cilrullinc Acciiiimlation; .•ltfrapc(t Data 


Concentration of ornithine IICI, . fer 
100 ml 

No. ot cx.implcs 

:.S-I5 

(ID* 

i 

I?-.'0 

CJ) 

10 

4&-f0 

(66) 

10 

100*160 

(IN) 

? 

O 

1 

JSM50 

(4Ii) 

7 

soa-600 

(550) 

11 

lOOO 

2 

Citrullino found, nvorago, 
mg. per 100 ml 

0.35 

0.70 

2.3 

4.0 

5.0 

9.7 

12.0 

12.3 

Citrullino quotient, nverngo . 

0.001 

0.15 

0.45 


1.10 

2.03 

2.4S 

2.S0 

Urea quotient, average 

9.M 

9.S7 

10.12 

10,10 

S.SC 

7.32 

0.49 

7.21 

Sura of average quotients 

9.20 

10.02 

10.57 

10.87 

9.9G 

9.35 

8.97 

10.01 

Citrullino cocflicicnt, averngo. 

0.007 

0.015 

0.011 


0.11 

0.22 

0.2S 



* The figures in parentheses arc averages. 


The question presents itself, whether this may not have been a quite un- 
physiological state of affairs, due to a more or less specific inhibitor 3 ' effect 
of unusual concentrations of ornithine upon reaction (II). The data of 
Table VII appear to show that a suspicion of this sort is partlj', but only 
partly, justified. It will be noted there that the sum of the urea and citrul- 
line quotients (which, as alreadj’- pointed out, reflects the rate of reaction 
(I)) continues to rise up to an ornithine concentration of about 100 mg. 
per cent, and that its subsequent falling off is rather slow. The urea quo- 
tient (reflecting similarly the rate of reaction (II)) falls off much more 
rapidly, nearly twice as rapidlj--, if we neglect the aberrant values at 1 per 
cent of ornithine. It does appear therefore that the depressant action of 
liigh concentrations of ornithine affects chiefly the step from eitrulline to 
arginine. On the other hand eitrulline accumulation is by no means lim- 
ited to that upper range of ornithine concentrations within which depres- 
sion becomes evident. It is already conspicuous while urea sjmthesis is 
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at its maximum, and is at least perceptible even earlier. We conclude 
that with ornithine concentrations up to the optimal the factor limiting 
the rate of urea production (that is, the over-all efficiency of the whole 
cycle) is the speed with which citrulline can be transformed into arginine 
(reaction (II)). Tlus conclusion, it has already been pointed out, is in 
consonance with the equal efficacy of ornithine and citrulline as catalysts. 

It is probable that in the intact organism urea production seldom reaches 
such heights that the limiting factor actually comes into play. Only if 
and when it does, would citrulline be expected to accumulate in vivo. Con- 
ceivably it is as a promsion against just such a contingency that the kidney, 
as Borsook and Dubnoff (12) have shown, possesses the power to convert 
citrulline into arginine. By that mechanism citrulline would be returned 
to the cycle at a point where the functional capacity of the latter is prac- 
tically unlimited. 

The calculation of “citrulline coefficients” indicates (Table VII) that at 
ornithine concentrations of 17 to 30 mg. per 100 ml. only about 1.5 per 
cent of the ammonia utUized in reaction (I) fails to complete the entire 
cycle, whereas at 0.5 to 1 per cent of ornithine the proportion retained in 
accumulating citrulline rises on the average to 28 per cent. In individual 
experiments the proportion may be even higher, 35 per cent in Rats 92 
and 108, and nearly 50 per cent in Rat 119 (see Table VI). In the last 
instance the medium actually contained, at the end of the experiment, 
about 2§ times as much citnilline (by weight) as urea. 

Relation ielween Urea Production and Ammonia Consumption 

A number of rats were devoted to experiments in which we attempted 
to determine not only the amount of urea (and in some cases of citrulline) 
produced, but also the quantity of NHj which disappeared from the me- 
dium. Some of the results had to be rejected on account of the doubtful 
accuracy of the earlier ammonia determinations (see “Methods”). The 
remainder, constituting a group of, as we believe, trustworthj'^ observations 
upon ten separate livers, is presented in Tables VIII and IX. In each 
experiment there recorded the medium contained as usual 0.2 per cent 
sodium lactate and about 0.015 per cent NHj, with which there were in- 
corporated varying proportions, as indicated in the tables, sometimes of 
ornithine, sometimes of eitrulline. The volume used, always 4.5 ml., con- 
tained (as separately determined for each ex^jeriment) from 543 to 568 
y of ammonia nitrogen. The figures given for NHj-N consumed repre- 
sent, of course, in each instance the difference between the initial ammonia 
content of the medium and the ammonia found at the end of the experi- 
mental period. This period was usually 2 hours, but occasionallj'- (Rats 
117, 118, 119) 2j horns. The dry weight of Uver tissue employed varied 
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TaiiM; VI 11 

Iiitlunlcf of Ornithinr nnd Ci'lnillino upon Rrlnlinii hrUrffn Ammonia Consumed and 

f'rni Produced 



('finrrntffllion of 




Kit/o ~ 


\nl No. 




i IVet N 



Ornithine 

nci 

CiUulUne 

fonvjmei! (.1) 


Without 

f.tlAlyst 

With 

nrnithine 

With 

cUfulVmc 


nr. frr 
no nt. 

nf. ftf 

H'Ki ni. 

■> 

■y 




101 

17 


307 

278 


1.10 

1 



IS 

•293 

273 



1.07| 

107 

23 


306 

2.‘13 


l.OS 

1 



21 

260 

280 



0.93/ 



210 

267 

267 



1.00 

lOS 



ICO 

ir.1 

1.10 




20 


2% 

273 


l.OS 

\ 



21 

301 

286 



1.06/ 



210 

207 

287 



1.03 

110 

20 


326 

2.88 


1.13 

\ 



27 

313 

279 



1.12/ 

117 



203 

175 

1.16 




17 


332 

30S 


l.OS 

1 



18 

300 

280 



1.07/ 


000 


223 

171 


1.2S 




600 

217 

219 



0.99 

IIS 



210 

202 

1.19 




29 


318 

318 


1.09 

1 



28 

310 

317 



1.07/ 


600 


222 

ISO 


1.23 




625 

233 

235 



0.99 

119 



244 

217 

1.12 




100 


352 

342 


1.03 




50 

355 

362 



0.98 


500 


270 

168 


1.61 



500 


252 

106 


1.52 




500 

220 

234 



0.94 

78 



258 

231 

1.12 





100 

418 

413 



1.01 

79 



262 

224 

1.17 





100 

405 

416 



0.97 

116 


100 

313 

297 



1.05 



500 

258 

269 



0.96 

Mean values of A;B, all observations 


1.14 

1.20 

1.02 

« 

(( M 

“ for catalyst concentra- 



tions below 30 mg. per 100 ml. 



1.09 

1.05 

Mean values of A\B, for catalyst concentra- 



tions of 500-600 mg. per 100 ml, 



1.41 

0.97 
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for different rats between 10 and 17 mg., but for all experiments with any 
one rat was made as nearlj’’ as possible the same. In most cases the basal 
performance of the liver was measured in a parallel experiment without 
added catalyst. 

Table nil shows that (a) under basal conditions and (6) vuth citrulline 
as catalj’st the ratio of ammonia nitrogen used up to urea nitrogen formed 
is reasonablj’^ constant, never differing by more than 10 per cent from a 
mean value of 1.14 in the first case, or 1.02 in the second. Bach’s (4) 
finding of a ratio of approximately 1 for citrulline is therefore fully con- 
firmed. It is further evident that this ratio is independent of the concen- 
tration of citrulline, being essentially the same with 200 or 600 mg. per 
100 ml. as vith 20. With ornithine the ratio is found to be morq variable. 
It ranges from 1.03 to 1.61, and its mean value in our series (1.20) is defi- 
nitelj’- greater than the mean wth citrulline. There is to be noted, how- 
ever, an evident association of the higher ratios with high concentrations 
of ornithine. Neglecting for the present a probable explanation of this 
association, we may remark now that for concentrations of ornithine not 
exceeding 30 mg. per 100 ml. the ratio is again approximately 1 (mean 
value foimd = 1.09). Within the limitation stated the ratios for citrulline 
and ornithine catalysis are therefore essentially the same. This identity 
of effect is shown not only by the calculated means, but also (and even 
better) by all but one (Rat 107) of the pairs of values (braced in Table 
VIII) obtained when ornithine and citrulline, in the same moderate con- 
centration, were compared in action upon a single liver. 

A nitrogen ratio of 1 means that for each molecule of urea produced 2 
molecules of NHj have been used up. It is therefore the ratio to be ex- 
pected from the continuous operation of the ornithine cycle, provided al- 
ways that at no point in that cycle does ammonia become, so to speak, 
unprisoned in an accumulating intermediate. With this proviso it ought 
not to matter whether the cycle is regarded as starting from ornithine or 
from citrulline, or which of these substances is acting in any particular 
instance to increase the over-all performance of the cycle. The fact that 
the steps from citrulline to urea (reactions (II) and (III)), taken by them- 
selves, involve a ratio of only 0.5 is hardly relevant. These steps lead to 
the production not only of urea, but simultaneously of ornithine, and this, 
according to the theory, must at once take up an additional quota of NHj. 
It was by this consideration that Krebs and Henseleit (1) offered to explain 
the ratio of 0.69, instead of 0.5, found in the single experiment which they 
earned out with citnilline. One has only to push the argument to its 
logical conclusion to see that citrulline should give a ratio less than 1 only 
if omthine fails to react with ammonia as rapidly as it is produced, through 
arginine, from citrulline; in other words, only if reaction (I) takes place 
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more slowly fliiiii n-nclion (11), I’mlor such comlitions one would expect 
oruidiine to nccumulale and (he eonreniradon of eitnilline to fall. Now 
Bach (-1) has shown (hat during the synthesis of urea, lus stimulated by 
citrulline, there occurs no formation of ornithine, and we ourselves, under 
similar circumstances, have repeatedly failed to find any change in the 
concentration of the eitnilline. We liave, moreover, already given cogent 
grounds for believing (hat reaction (I) is not less, hut more, rapid than 
reaction (II). A ratio of 1 for eitnilline is therefore not inconsistent with 
(he hypothesis of Krehs and Ilcnselcit. On the contrary, viewed in the 
light of the rclatix’o slowness of the citnillinc-to-argiriine transformation. 


'I'Aiu.i; IX 


Citrulline, Accumulntion and Ainnwnia-l/rea Ratio irith Ornithine .'Is Catahjd 


Rttl No. 

Ornilliinc HCl 

Ammonl .1 N 
consumet! (/I) 

Vrei N 
pfOiiuffti (/?) 

ritfullinr N 
{1 atom) (O 

„ . A 
Ralio 



i m/. ffr ICO ml. 

7 

y 

y 



117 

17 

.032 

.308 

o 

1.08 

1.07 


200 

305 

250 

22 i 

1.19 



400 

252 

210 

30 

1.20 1 



GOO 

223 

171 

.38 

1.2S 


118 

29 

348 

318 

1.5 

1.09 

BSI 


200 

292 

272 

11 

1.07 



400 

2G5 

235 

24 

1.13 

1.02 


COO 

222 

180 

39 

1.23 

1.01 

119 

100 

352 

342 

19 

1.03 

0.9S 


500 

270 

168 

70 

1.01 

1.11 


500 

252 

IGG 

G5 

1.52 

1.09 

Mean 


1.05 

1 






it affords to that theoiy additional support. The relativelj’- low ratio 
observed by ICi-ebs and Henseleit we feel bound to regard as fortuitous. 

We may revert now to the high ratios (mean value = 1.41) found in the 
presence of excessive concentrations of ornithine. A ratio greater than 1 
means of course that NHa has entered, and has remained in, other com- 
binations than urea. Considerable accumulations of one such other com- 
bination, citrulline, have already been shown to appear under exactly those 
circumstances which induce a high ratio of ammonia to urea. It becomes 
pertinent therefore to inquire how much of the NHa not accounted for as 
urea can be located in citrulline. An answer to tliis question w'as pro\'ided 
by the e.xperiments with Eats 117, 118, and 119, in which determinations 
of citrulline were combined with those of ammonia and urea. The citrul- 
line results have already been recorded in Table VI, In utilizing them in 
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the present connection it has been assumed, in accord with the theory, 
that 1 of the 3 atoms of nitrogen in citrulline has been derived from NH3. 
Table IX presents the results obtained on this basis, and shows that, when 
the NHj-N to urea N ratios are “corrected” by including in the denomi- 
nator the NHj bound up in citrulline, they are reduced to a practically 
uniform level never differing greatly from unity. The mean of all cor- 
rected values is 1.05. This signiBes that on the average 95 per cent of the 
NHj utilized during each experiment has been accounted for as urea and 
citrulline; i.e., bj’’ the operation of the ornithine cycle. In no single in- 
stance did more than 10 per cent appear to have followed some other path. 
These experiments furnish therefore yet another item supporting the hy- 
pothesis of Krebs and Henseleit. 

DISCUSSION AND SUMXIARY 

Mechanisms of urea formation, alternative or supplementary to that of 
the ornithine cycle, have been proposed by Leuthardt (20) and by Bach 
(4). We have not neglected the opportunity of testing the reported re- 
sults of these authors, but our experiments in that direction are as yet too 
few to justify definite conclusions. We refrain therefore for the present 
from discussing the question whether under any circumstances urea S5m- 
thesis may proceed, in whole or in part, according to some other scheme 
than that of Krebs and Henseleit. The experiments we have here re- 
ported were made under one set of conditions only; namely, with lactate 
as respiratory substrate and with ammonia, in sufficient excess, as the 
sole added source of nitrogen. The results of these experiments we have 
interpreted as affording direct support to, or as entirely consistent with, 
the hypothesis of the ornithine cjmle. Direct support is furnished by the 
demonstration (a) that citrulline exerts upon urea production the same 
kind of catalytic effect as ornithine, and (6) that when ornithine acts as 
the catalyst it does actually give rise to citrulline. The fact that produc- 
tion of urea under the action of ornithine is accompanied by an accumu- 
lation of citrulline, an accumulation perceptible even at suboptimal con- 
centrations of the catalyst, is taken to show that the limiting factor in the 
operation of the cycle is the capacity of the liver tissue to convert citrulline 
into arginine. In full consonance with this idea, it has been argued, are 
the observations (a) that at optimal concentrations (20 to 100 mg. per 
100 ml.) ornithine and citrulline exert, molecule for molecule, identical 
effects upon the rate of urea production, (6) that with citrulline, as with 
low concentrations of ornithine, the ratio of NH3-N consumed to urea N 
produced is unity, and (c) that the larger ratios found with high concen- 
trations of ornithine are completely accounted for by the coincident accu- 
mulation of citrulline. The only discrepant results are those which suggest 
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II ('•'('.'itor ofiVcl of ornithiiin, a*i rompnrt'fl with cilnillino, nt crnccntrntions 
Ih'Iow 20 inj;. per 100 nil. AllhoiiKh cliscrcpniicy rcinnins for the 
pro.’-'i'iit utiPXiilaiiK’d, w(> Imvc pivcn rf!if:on for douhtinp tlmlit is of cnicial 
import anro. We roncindr, arrordinfd.Vt that under (he conditions of our 
oxperimenta all the phenomena of urea production (the one exception 
ipnored) nre immediately expliealde in terms of the Krchs-IIcnsclcit hy- 
pothe.sis, amiditied only hy the postulate that the transformation of citrul- 
line into arfrinine is tiie slowest of (he tliree reactions involved. The 
formulation of alternative schemes is therefore here .superfluous. 

Some comment is called for hy the recent paper of Trowcll (21). Tins 
jiaper describes jierfusion experimenl.s, performed upon rat livers, the out- 
come of which led Trowell to deny that citrulline showed, at low concen- 
trations, any etYect whatsoever or, at high concentrations, any effect of a 
catalytic nature. These and other results were intcrjiretcd as demon- 
strating that the ornithine cycle cannot account for the whole of the urea 
formed from ammonia, and (hat in its original form it is in fact untenable. 
Trowell's results with citrulline are in complete contra-st with those re- 
ported in the prc.scnt pajicr. The explanation of this contrast is not 
immediately apparent. Presumably it is to bo found in some defect of 
the perfusion technique, which prc.sents perhaps greater opportunity than 
the other for the occurrence of disturbing side reactions. In an}' case 
negative results obtained by its use can hardly bo hold to outweigh the 
clear cut positive results yielded by (he tissue slice method. It may be 
added that in stating, as a weakness of the ornithine theory, that “there 
is no evidence that ornithine is ever converted into arginine” Trowell ig- 
nores the proof of such conversion afforded by t he isotope work of Glutton, 
Schoenheimer, and Rittonberg (6). 

The investigation was assisted by a grant to one of the authors (A. G. 
G.) from the Banting Research Foundation. 

Addendum {February IS, ta.<S)— This paper was alrc.ady in page proof when wc 
received the December, 1912, issue of the Biochemical Journal, containing a com- 
munication by Krebs (22) on “Urea formation in mammalian liver.” Among the 
experiments therein reported there arc five in which the effects of ornithine and 
citrulline, in concentrations of fronr 50 to ISO mg. per 100 ml., are directly compared. 
In four of these the rates of urea formation were “virtually identical.” This is, of 
course, in complete consonance with our own results. Referring to our earlier 
mention (17) of citrulline accumulation, Krebs deduces, as we had already done 
(19), that “here the conversion of citrulline into arginine is probably the limiting 
reaction.” Krebs also presents data, similar to those in our Table IV, demonstrat ing 
the catalytic elTect of citrulline. 
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PEPTIDES OF DEHYDROGENATED AMINO ACIDS 

By DAVID G. DOHERTY, JOSEPHINE E. TIETZMAN, and 
MAX BERGMANN 

(From the Laboratories of The Rockefeller Inslilule for Medical Research, New York) 

(Received for publication, December 30, 1942) 

Some 12 j-ears ago, extracts of swine kidney were found to contain an 
enzyme, designated dehj'drodipeptidase, that hj^drolyzes the unsaturated 
peptide glycyldehydrophenylalanine 

CH-CsHs 

II 

NH, • CH, . C O— NH- C - C O OH 

to yield glycine, phenylpyruvic acid, and ammonia (1, 2). The existence 
of this enzyme w'as taken as an indication that dehydrogenated peptides 
might occur in metabolism. In order to facilitate the further study of this 
possibility, it was necessary to sjuithesize a number of peptides containing 
dehydrogenated amino acids. The present paper is concerned with the 
description of such peptides and the methods employed in their prepara- 
tion. 

As has previously been shown, acylated peptides containing one de- 
hj’-drogenated amino acid residue may be obtained by coupling in acetone- 
water solution the azlactone of an imsaturated amino acid with the sodium 
salt of a saturated amino acid. This reaction scheme has previously been 
employed for the synthesis of dehydrogenated peptides containing glycine, 
Meucine, Z-glutamic acid, Z-tyrosine, Z-proline, Z-arginine, and dZ-serine 
(3, 4).* Evidence of the good yields and high degree of purity of the 
products obtained by this procedure will be found in the e.xperimental 
section; e.g., pure acetyldehydrophenylalanylglycine (I) has now been 
obtained in 90 per cent jdeld. 

It has now been found that peptides with a glycine group at the carboxyl 
end, when treated mth an aromatic aldehyde at 40° in the presence of 
acetic anhydride and sodium acetate, will jdeld the azlactones of un- 
saturated peptides. Thus, peptide (I) yielded the azlactone (II) of the 
doubly unsaturated peptide acetj’ldehj’-drophenjdalanyldehj^drophenylala- 
nme (III). The latter peptide was obtained from the azlactone bj' alkaline 
hydrolysis. 

®°npling of saturated amino acid azlactones with amino acids in the presence 
0 an ydrous pyridine has been studied by Carter, Handler, and Stevens (5). 

617 
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'I'lio us(! of /(-hydroNylx'tiy.nldohydo in plncc of l)cnza!(lciiyclc makes ac- 
cossiblo poplidcj) coritaininfi; Iho dofi.vdroRcnatrd tyrosine residue. 


(MI.C.H, 

li 

CHiCO-NII-C-CO— XH-tJJI.-COOH 

(1) 

ClI-C.H, CII.CiH, 

11 II 

Clb-CO-NH-C-CO— NHC-COOir 

(III) 


CH-C.H. CH-C,H, 

I! II 

cn,-co-NH-(;-c==N-C'C=o 

Lo-J 

(H) 

cii-c,H» cn(on)-c,H, 

II I 

i,-co-i\ir-c-co— Mi-cn-cooii 

(IV) 


Azlactone (II) was also obtained in a scrond manner. The azlactoneof 
a-acctaminocinnamie acid (N-acetyldchydrophcnylalaninc) was coupled 
wth /rarjs-phenyl.scrinc (G) to j’icid pcj)tidc (IV). Thi.s intermediate, on 
treatment wdth aeetic anliydridc at room temperature in the prc.sencc of 
small amounts of anhydrous sodium acetate, forms the azlactonc (Ip- 
This transformation of peptide (IV) into azlactone (II) in all probability 
docs not consist merely of a splitting ofT of 2 Avatcr molecules; we assume 
that, at an intermediary stage, the /3-hydroxyI of the phenylserine residue 
is acetylatcd and that subsequent!}’, acetic acid is eliminated from the 
molecule.^ Tlierc will be described in the e.vperimcntal section several 
other peptides, each containing a terminal phenylserine residue, which, 
under the influence of acetic anhydride, were found to split off 2 molecules 
of water and to yield azlactones. The azlactone of the quadruply unsa- 
turated peptide (V) was obtained hy repeated applications of this proce- 
dure. 


CH-CjH. CH-C.Hj CH-C.Hs CH-C.Hj 

II li II II 

CHj-CO — NH-C-CO — NH-C-CO — NH-C-CO — NH-C-COOH 

(V) 

All the hitherto described reactions yield peptides of dehydrogenated 
aromatic amino acids. Peptides containing a dehydrogenated aliphatic 
amino acid were obtained in the following manner. It is knowna that 
chloroacetylated amino acids may be easily transformed into the azlaotones 
of dehydrogenated amino acids (8). Correspondingly, chloroacetylleucine 

(VI) has now, by treatment with acetic anhydride, been converted into the 

’ A similar reaction sequence concerning a cyclic derivative of serine is described 
in (7). 
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azlactone (\^I) of acetyldehydroleucine. From this azlactone we pre- 
pared the peptide acetyldehydroleucylglycine (VIII), the azlactone (IX) 
of acetyldehydroleucyldehydrophenj'lalanine (X), and finally peptide (X) 
itself. 


1 

Cl-CHs-CO— NH-CH-COOH 

(VI) 

II 

CH. -CO— NH- C- CO— NH- CH, • COOH 

(VIID 


CH-CjH, 

II 

CH,-C=N-C-C=0 

L„J 

(VII) 


CH-C,H, CH-CeHs 

II II 

CH,-CO— NH-C-CO— NH-C-COOH 
(X) 


CH-C.H, CH-C.Hs 

II II 

CH, • C 0— NH- C • C=N • C ■ C=0 

O 

(IX) 


In the interest of brevity, the unsaturated peptides obtained by the 
aforementioned methods are not discussed in detail but only listed as 
follows:’ 


Dipeplides with One Double Bond 

Acetyldehydrophenylalanylphenylserine 

Benzoyidehydrophenylalanylglycine 

Benzoyldehydrophenylalanylphenylserine 

Acetyldehydroleucylglycine 

Carbobenzoxyglycyldehydrophenylalanine^'® 

Acetyldehydrophenylalanyl-Z-alanine 

Acetyldehydrophenylalanyl-i-phenylalanine 

Acetyl-di-phenylalanyldehydrophenylalanine^ 

Dipeplides with Two Double Bonds 
Acetyldebydrophenylalanyldehydrophenylalanine^’® 
Benzoyldehydrophenylalanyldehydrophenylalanine*-' 
Acetyldehydrophenylalanyldehydrotyrosine* 
Benzoyldehydrophenylalanyldehydrotyrosine*’® 
Acetyldehydroleucyldehydrophenylalanine^ 

* The experimental section follows the sequence of this list as closely as possible. 

* The azlactone of this compound is also described in the experimental section. 

* The amide of this compound is also described in the experimental section. 
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with One Dnuhle Hand 

Carl)ol)('iiro\y(Oyryl(l(')iy(lr()[iJiriiylfttntiyl-/.f:Iiitiiii]ir ncid 
('nrliolu'nroxyfdycyldi'hyilrdplirnylnlnny/iilifnylprritic 

TriprpHilef with Twn Dntibir Hands 

Ar('lyll)ifi(dcliydr(iplic(iyliil:wiyl)(:ly''in(' 

A<-otyU>is(<l('!iy(lroplu'nyliilaiiyl)-/-ulftuitio 

Arclyll)iR(d('liyilropti('nylnlniiyl)-/-lriirinp 

Arctyll>i8(<Ioliydrop!ifiiy!!i!.'inyI)-/-p!i('ny|iilntiinp 

Arc’lyIl)is((leliydroptictiyl(il!itiyl)-/-tyr(i.‘iiiip 

Arplyll)is(dchydropli('nylnlniiyl)-/-prnrmp 

Acctylbis(<leliydr<>[i!ipiiylulniiyl)plicnyIaorinp 

Acetyll)ia((!eliydrf)i))icnylnlnnyl)-/-Klu(nmir ncid 

BiB(ncctyldcliydroplipnyIa!nnyl)-/-ryR(inp 

Tripeptide with Three Double Bonds 
Acotylbi6(dcliydroi)licnylnlnnyl)dcliydroplienylnlnninc (nzlnctone only) 

Tetrapepiides with Three Double Bonds 

Acclj’Uris(dchydroplicnylnlnnyl)-/-pbcnylnlnninc 
Acetyl tri8(dcIiydrophcnylnlnnyl)plicnyIscrinc 

Tclrapcptidc with Fotir Double Bonds 
Acotyltris(dcliydroplicnylnlnnyl)dcliydrophcnylnlnninc (nzlnctone only) 

Pentapeptide with Four Double Bonds 
Bis(ncot3'ldcliydrophcnylnlanyldcliydroplicnylnlnnyl)-?-cyBline 

The peptides and azlactoncs containing one or several double bonds may 
be expected to exist in several stereoisomcric forms. The azlactone of 
acetyldehydrophen3'lalanjddeh3’drophenylnlnninc vns indeed obtained in 
two forms of different color and melting point. 

In Table I there are reported the molecular rotations in p3’ridine solution 
of the pyridine salts of a number of acctylatcd unsaturated peptides. The 
peptides compared ha've an opticall3'^ active amino acid at the carbo.xyl end 
and one or more dchydrophcn3dalanine residues between the acet3d group 
and the optically active amino acid residue. The samples employed were 
analyticall3'- pure and exhibited upon recrystallization no appreciable 
change of rotation. While this behavior does not absolutel3’' guarantee 
optical homogeneit3", none of the peptides showed any indication of in- 
homogeneity. 

It will be noted that the peptides of alanine, leucine, phenylalanine, and 
t3TOsine containing a single dehydrophen3dalanine residue show a positive 
rotation and that the corresponding peptides with two dehydrophenylala- 
nine residues exhibit a rather high negative rotation. The peptides of 
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proline do not follow this general scheme. Acetyldehydrophenylalanyl-Z- 
proline has a positive rotation not very much higher than that of the 
analogous alanine peptide; acetylbis(dchydrophenylalanj'l)-Z-proline also 
is de.vtrorotatory and thus differs greatlj' from the other doubly unsaturated 
peptides. The glutamic acid series deviates from the above general scheme 
in another manner. The acetj’ldehydrophenjdalanjd peptide is described 
in the literature ( 3 , 4 ) as having a rather small levorotation. The acet3’lbis- 
(deh}'drophen}’lalanyl)-Z-glutamic acid has now been found to show a 
considerably higher levorotation. 

When cystine is subjected to the azlactone procedure, both its amino 
groups are substituted. Two cystine peptides are reported in Table I, 
the one containing two acetjds and two dehydrophenylalanine residues per 


Table I 


Molecular Rotations of Sci'cral Dehydrogenated Peptides (at Temperatures Ranging 

from 2S-SS°y 


/-Arauao acid residue 

Acetyldehydro- 

pheoylaboyl 

derivative 

(1) 

Acetylbisdehy- 

•u. 

« ».!.'! V 

A. W - (2) 

Alanine 

+19,200 

-110,300 


129,500 

Leucine 

+11,800 

-113,700 


125,500 

Phenylalanine 

+12,700 

-85,500 

-23,100 

98,200 

Tj-rosine 

+ 16,600 

-70,700 


87,300 

Glutamic acid 

-1,500 

-87,500 


86,000 

Proline 

+25,000 

+22,200 


2,800 

Cystine 

-11,800 

-77,600 




* The temperatures at which the rotations w-ere determined may be found in the 
experimental seetion. 


cystine residue and the other containing two acetyls and four dehj'dro- 
phenylalanine residues. Both peptides are ]evorotatorj\ 

A common characteristic of all the above peptides is the fact that in 
each series the transition from the acetyldehj^drophenjdalanjd peptide 
to the acetylbis(deh3'drophenylalanyI) peptide results in a shift of the 
rotation towards the left. 

However, it will be observed that no further shift tow’ards the left 
Occurs but, on the contrar3% a considerable decrease of the levorotation 
when one proceeds from acet3dbis(dehydrophen3dalan3d)-Z-phen3dalanine to 
acet 3 'ltris(dehydrophenylalanyl)-Z-phen 3 'lalanine. 

The above data, preliminary though the3'- are, alread3^ indicate clearly 
that the rotation of unsaturated peptides is a function of the structural 
nature of the active amino acid residue as well as of the number of un- 
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Friturutcd n'^iduc;! pnvciil. 'J'ln' oxiirrliition may be expressed that a 
closer study of unsntur/iteil, optically active peptides, which arc now suf- 
ficiently aeees.sibh', will result in valuable contributions to Our understand- 
inp of tlw' interdependence of optical rotation and molecular structure in 
peptides. 

So\‘ernl unsaturatod jiejitides were found to underRO easy transformation 
into cyclic unbydropeptide.s which are isomeric with adactones. The 
.synthesis of tlie.se anbydropepf ide.s'will be reported in a later communica- 
tion. 

The authors wi.sh to thank Mr. Stephen M. Nagy, who performed most 
of the nnalysc.s reported in the e.vperimental .section, and also Dr. Adalbert 
Elck, for their valunhlc assistance. 

r.XPKaiMKNTAIi 

AcctyldchydrophciiylalanylgUjcinc — The previously given directions (9) 
for the preparation of acctyldchydrophcn.vlalanylglycino wore modified as 
follow’s : To a suspension of 30 gm. of glycine in -100 cc. of acetone n'crc 
added \\ith stirring 400 cc. of N NaOH and, after several minutes, 75 gm. 
of acct 3 ’lclch)'droi)licnylalaninc azlnctonc (acctaminocinnamic acid azlnc- 
tone). After several hours 410 cc. of K HCl were added to the clear solu- 
tion. 95 gm. of acctyldehydrophcnj-lalanylglycinc crystallized at 0“ 
These crj^stals wore dissolved in aqueous potassium bicarbonate and 
reprccipitatcd by the addition of HCl. M.p., 194-195° (corrected). 

AcctyldchydrophcnylalaJiylphcnyhcrinc — To a suspension of 19 gm. of 
trans-phenylserinc (G) in 300 cc. of acetone were added with stirring 100 cc. 
of N NaOH and 19 gm. of nccty]deh 5 'drophen 3 'lalnnine azlactone. After 
1 hour's stirring at 45°, the resulting clear solution was acidified at 0° by 
the addition of 102 cc. of n HCl and 2S to 30 gm. of the acetylatcd dipeptide 
crystallized. Tliis was dissolved in a hot mi.xture of GOO cc. of ethanol 
and 180 cc. of water. Tlie cooled solution gave on dilution with more 
water 27 to 29 gm. of colorless needles. M.p., 226-228° (with decomposi- 
tion) (corrected). 

CjoH-oOjNj. Calculated. C 65.2, H 5.5, N 7.6 
368.4 Found. " 65.2, " 6.6, " 7.7 

This peptide is somewhat soluble in hot aqueous acetone, but much less 
so in anhydrous acetone, benzene, chloroform, and winter. 

For the transformation into the azlactone of acetyldehydrophenylalanyl- 
dehydrophenylalanine, 20 gm. of acctyldeh3'^drophen3ialanylphen3iserine 
were kept at 40° with 50 cc. of acetic anhydride and 2 gm. of anhj-drous 
sodium acetate for 24 hours. After the excess acetic anhydride was 
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decomposed by ice water, the filtered azlactone was kept overnight with 
100 cc. of acetone at 0°. Yield, 13.5 gm. The azlactone was dissolved in 
warm acetone and reprecipitated bj’ the addition of water. M.p., 184-186° 
(corrected). 

C,oH„0,N,. Calculated. C 72.3, H 4.8, N 8.4 

332.3 Found. “ 72.1, “ 5.1, “ 8.5 

Bemoyldehydrophenylalanylglycine — A solution of 30 gm. of glj’cine in 
400 cc. of N NaOH and 125 cc. of acetone was stirred with 100 gm. of the 
azlactone of benzoj’ldeh 3 ’drophenylalanine. After 2 to 3 hours, the 
addition of 402 cc. of n HCl precipitated the colorless rods of benzoyl- 
dehydrophenj’lalanjdglj'cine. Yield, 120 gm. The benzoyl peptide was 
dissolved in acetone and crj’stallized on addition of water. M.p., 208-209° 
(with decomposition) (corrected). 

C„H»0|N,. Calculated. C 66.6, H 5.0, N 8.6 

324.3 Found. “ 66.7, “ 5.1, “ 8.8 

A compound of the same designation but a melting point of 165° has 
been obtained by Graenacher and Mahler (10) b>' coupling benzoyl- 
deh3’drophenylalanine azlactone with gl 3 'cine ethyl esterand subsequently 
saponifying the ester group with hot NaOH. By saponif 3 ’ing the ester 
at room temperature tvith n NaOH and with the addition of acetone, w’e 
obtained a benzo 3 idehydrophenylalanylgl 3 -cme melting at 199-200° (with 
decomposition). A mixture with the preparation obtained from benzoyl- 
dehydrophenylalanine azlactone and glycine melted at 200-201°. No 
effort was made to decide w'hether the lower melting preparations w'ere 
mixtures of stereoisomeric compounds. 

Benzoyldehydrophmylalanylphenylserine — To a suspension of 36.2 gm. 
of frans-phenylserine in 560 cc. of acetone there were added with stirring 
200 cc. of N NaOH and subsequently 50 gm. of benzoyldehydrophenyl- 
alanine azlactone and the temperature w’as raised to 55°, After 2 to 3 
hours, the clear solution wns acidified, at 0°, by the addition of 205 cc. of 
N HCl. Yield, 58.4 gm. Removal of the acetone from the mother liquor 
yielded another 26 gm. For analysis, the substance was recr 3 ’’stallized 
from acetone and w’ater. M.p., 180° (with decomposition) (corrected). 

C»H„0,N,.H,0. Calculated. C 67.0, H 5.4, N 6.2, H,0 4.0 

448.4 Found. “ 67.1, “ 5.4, " 6.2, “ 4.4 

The substance is rather soluble in acetone, ethanol, and methanol; much 
less soluble in water and in ethyl acetate. 

Acelyldehydroleucine — 40 gm. of chloroacetyl-Meucine (11) were agitated 
with 60 cc. of acetic anhydride in a bath at 60° for 11 hours. On fractiona- 



(i2i fif:(tvrif!oof;NATrD rrmoEfi 

ni iiin/n, {lt(> nrliH'Innc' of nrffylfh'livdrolcucinc distilled nt GS-tiO'’, 
tindfr II of 0, Ifi nun., n.': (i roiorlcss liquid. The yield ivas only 

(iltoul 18 (u". 

'I'll!' luil.'ii’tone \t'ii,'i rliiirnrtori'ffl hy its tran.sfornintion into the cor- 
rc.sitondiiu; acid iiiul its amide. .G f:m. of arlactono were kept overnight 
at 0" with 12 re. of water and larf'.e rolorles.s rry.stni.s formed. Yield, 2.5 
gm. 'I'liey wer<‘ reeryutalliwd from ethyl aeet/ite. lil.p., 355-157° 
(eorrerted). 

Cnlntt.-u.a. V .V..1, H 7.C, N 8.2 

171.2 l otiml. " r.fi.0, •' 7.7, " 8.2 

'J'lie amide wins obtained by treating at O'’ -1.2 gm. of .nzlactone vith25 
ec. of a 10 per rent lunieour' solution of ammonia. An oil formed which 
ery.stallized on Herateliing. "ideld, ’Aft gm. 'J’he amide wns rccrystallized 
from 50 per eent ethanol a.s well formed pri.sm.s. M.p., 205-207° ("ith 
dccomiiosit ion) (correct ed). 

(bIb.O.N,. C.-ilruInleit. f .'IC..), II 8. .2, N IC.4 

170.2 Fomnl. " 50.5, " 8.-t. " 10.5 

Accli/hlchi/dyolciiajlf/lycijic — S gm. of acctyldchydrolciicinc nzlactone 
were treated at 0° with a .solution of glycine ethyl c.stcr in ether. Within 
a few minutc.s S.5 gm. of acctyldehydroloncylglyeinc ethyl ester deposited. 
It wa.s recryst alii zed from ethyl acetate. M.p., 130-132° (corrected). 

C,;II.oO,N’.. Calculated. C 50.2, II 7.9, X 10.9 

250.3 Found. *'50.1, " 7.S, “ 10.9 

The ester dissolves c.asily in ethyl acetate, ctbnnol, and methanol; 
very slightly in ether. 

In order to saponify the ester group, 120 cc. of x NaOH were added 
with stirring to a suspension of 30 gm. of ester in 30 cc. of ethanol. After 
30 minutes, 120 cc. of n PICl wore added to the clear solution and the liquid 
tvas evaporated to drymess. The colorle.ss residue is a nii.xturc of acctyl- 
dchydrolcucylglycinc and sodium chloride. 

For the isolation of pure acetyldcliydroleucyjglycino, a 5 gm. sample of 
tlie afoi'cmentioncd mixture was dissolved in 50 cc. of water and extracted 
eight times with 50 cc. portions of ethjd acetate. The combined extracts, 
on concentration, yielded 2 gm. of acetyldeliydroleucylglycine melting at 
185-187° (corrected). 

CioHisOjNj. Calculated. C 52.6, H 7.1, N 12.3 

228.2 Found. “ 52. C, " 7.2, " 12.2 

Carhohenzoxyglycyl-dl-phcnylscrinc — ^The phenylserine ester used in the 
following e.xperiments was prepared by esterifying Irans-phenylserine with 
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ethanol and HCl gas, evaporating in vacuo, and repeating the esterification 
and evaporation. The ester hydrochloride thus obtained melted at 137- 
139° (corrected). 50 gm. of ester hydrochloride were added vath vigorous 
stirring to an ice-cold mLvture of 250 cc. of water containing 40 gm. of 
KsCOj, and 750 cc. of ethyl acetate. After a few minutes, the ethyl 
acetate layer was separated and dried over anliydrous NajSOi. This solu- 
tion contained 39 to 40 gm. of phenylserine ethyl ester, corresponding to 93 
per cent of the theory, and was used directly for the following experiment. 

22 gm. of carbobenzoxj'glycinc chloride (12) were added, with cooling, 
to a solution of 39 gm. of phenjiserine ethyl ester in 750 cc. of ethyl acetate, 
Phenylserine ester hydrochloride separated out, together with carboben- 
zoxyglycylphenylserine ethji ester. The solids were filtered off after 24 
hours, dried, and dissolved in COO cc. of hot 95 per cent ethanol. Addition 
of 800 cc. of water precipitated 32 gm. of carbobenzoxyglycylphenylserine 
ethyl ester.® After recrystallization from ethanol, the ester melted at 
149-151° (corrected). 


. C„H„0<N5. Calculated. C 63.0, H 6.0, N 7.0 

400.4 Found. “ 63.0, “ 0.1, “ 7.0 

To prepare carbobenzoxyglycylphenylserine, 30 gm. of the ethyl ester 
w'ere shaken for 1 to 2 hours with a mixture of 80 cc. of n NaOH and 160 
cc. of methanol. The clear solution was acidified by the addition of 85 
cc. of N HCl and kept at 0° overnight. Yield, 25.1 gm. The acid was 
recrystallized from methanol by the addition of w’ater. M.p., 161-163° 
(corrected). 


CuH.oOeNi. Calculated. C 61.3, H 5.4, N 7.5 

372.4 Found. “ 61.1, “ 5.4, " 7.5 

Carbohemoxyglycyldehydrophenylalanine — The azlactone of this com- 
pound was obtained when 18.6 gm. of carbobenzoxyglycylphenylserine 
were kept at room temperature with 95 cc. of acetic anhydride and 2 gm. 
of anhydrous sodium acetate with frequent shaking. After 24 hours, 100 
cc. of ice water were added and, after several hours standing at 0°, the silky 
needles of the azlactone w'ere filtered off and dried over PjOs and KOH 
tn vacuo. Yield, 13.6 gm. For analysis, the almost colorless azlactone 
was twice recrystallized from ethyl acetate. M.p., 141-142° (corrected). 

Ci,H„0,N,. C.-ilculated. C 67.8, H 4.8, N 8.3 

336.3 Found. ‘‘ 67.9, “ 4.8, “ 8.4 


he mother liquor, remaining after the filtration of the dipeptide ester, may be 
concentrated in vacuo. Most of the phenylBerinc ester contained therein as the hy- 
roc londe may then be recovered by the previously described procedure. 
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f).f) (;m. of jizl.'u'toiic, (iftcr lioirif: IiohUhI in n mixture of 100 cc. of acetone 
luul 20 cc. of Wilier ut OO'' for -1 hour.-;, yielded, on ruKsequent evaporation 
in ffirno, Ti.O fpn. of c.'irltohcnroxyf^lycjddchydroiilirnylalnninc wliich melted 
ut R)(i-l(iS", 'J'liis wufi rccryulidlircfl from ethyl acetate wth considerable 
lo,‘;s. M.p., 1 08-170'’ (corrected). 

n.ilIi.O.N,. C.'ilciilntcd. a fO. I, 11 f..I, N 7.9 

r>l..| round. " Ol. l, " f..2, " 7.8 

Kocdle.'i, ca.iily soluble in hot acetone, hot etliyl acetate, and hot ethanol, 
sparingly .solul.de in other, and particularly .so in water, were obtained. 

In order to obtain the correspond in p amide, 8.5 gm. of azlactonc were 
added to a mixture of 7 cc. of a concentrated ammonia solution in water 
and d cc. of pyridine. After 15 hoiins, 2.5 pm. of amide crystallized on the 
addition of water and .scratching. It wa.s recry.stallir.ed from ethyl acetate 
by the addition of petroleum ether. M.p., ItM-lOG'’ (corrected). 

C,,lIi.O,X,. Cnlrulnted. G 51. C, II 5.1, K H.O 

353.1 l oiiiul. •• 51.7, " 5.5, " 11.9 

The amide is rather soluble in methanol and ethanol. 

Acclyldchydrophcnuhlanyl-l-alaninc — Tliis .sub.stanco was obtained from 
S.9 gm. of /-alanine, 100 cc. of acetone, 100 cc. of x NaOH, and IS.S gm. 
of ncotjddchydrophcnylalanine azlactonc. On addition of 102 cc. ofN 
HCl, the peptide crystallized as colorless needles. Yield, 17.8 gm. 
Another considerable qunntit}' was obtained from the mother liquor on 
evaporation of the acetone in vacuo. TJie peptide was rccrj'stallized from 
60 per cent methanol by the addition of more water. M.p., IQS-IQG" 
(ndth decomposition) (corrected). 

Ci.HnOjN,. Cnlculnted. C 50.8, H 5.8, N 10.1 

275.3 Found. " 50.8, *' 6.0, '' 10.0 

Wd^ = +69.4° (2 per cent, in p3Tidinc). After one more recrjmtalliza- 
tion was +69.6°. 

Acciyldchydrophcnylalany]-l-phcny}alaninc — Tliis peptide wms obtained 
from a mixture of 8.25 gm. of /-phenj'lalanine, 100 cc. of acetone, 50 cc. of 
N NaOH, and 9.35 gm. of acet.vldeh3^drophen3dalanine azlactonc by the 
subsequent addition of 51 cc. of n HCl. It was recr 3 'stallizcd three times 
from 120 cc. of methanol by the addition of 300 cc. of water. Yield, 12.9 
gm. M.p., 213-215° (ivith decomposition) (corrected). 

CjoH5o04Nj. Calculated. C 68.2, H 5.7, N 8.0 

352.4 Found. “ 68.1, " 5.7, " 8.0 

[o:]“ = -1-35.5° (5 per cent, in pyridine). Other preparations gave 
[a]^® = +35.0° and +37.6°. 
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Acetyldehydro'phcnylalanyl-l-iyrosinc — ^This substance was described by 
Bergraann el al. (3) as having a melting point of 217-218° (corrected) 
and [ajo® = +47.1° (2.5 per cent in pjTidine). The preparation has now 
been repeated. The melting point of an analyzed sample was found to be 
228.5-229.5° (with decomposition) (corrected) after discoloration from 
221° on. [aln” = +45.0° (in pyridine). 

Acelyl-dl-phenylalanyldehydrophcnylalanine — ^20 gm. of acetyl-dl-phenyl- 
alanylglycine (9) w'ere shaken for 2 hours with 20 cc. of acetic anhydride, 
8.2 cc. of benzaldehyde, and 3.5 gm. of anh 5 'drous sodium acetate. After 
2 days the' excess anhydride w’as decomposed by the addition of 20 cc. of 
ice water. The undissolved, almost colorless crystals (4.5 to 5.0 gm.) 
were the azlactone of acetyl-dl-phenylalanyldehydrophenylalanine. They 
were recrj’-stallized first from ethjd acetate, by the addition of petroleum 
ether, and then from a mixture of 300 ce. of acetone and 10 cc. of water, 
by the subsequent addition of 1 Uter of water. Yield, 3.2 gm. M.p., 
206-207° (corrected). 


CjoHuOjN,. Calculated. C 71.8, H 5.4, N 8.4 
334.4 Found. “ 71 .6, “ 5.4, " 8.6 

2.1 gm. of azlactone dissolved when shaken with a mixture of 20 cc. of 
acetone and 7 cc. of n NaOH. After 6 hours the solution was filtered and 

7.2 cc. of N HCl were added. 2.1 gm. of acetyl-cB-phenylalanyldehydro- 
phenylalanine crystallized as colorless needles. They were dissolved in 
14 cc. of hot, 85 per cent methanol and crystallized on cooling and the 
addition of more water. M.p., 209-211° (with decomposition) (corrected), 
after sintering at 206°. 


CjoH,t,0,N,. Calculated. C 68.2, H 5.7, N 8.0 
352.4 Found. “68.1, “ 5.8, “ 7.8 


Acetyldehydrophenylalanyldehydrophenylalanine — 65 gm. of acetyldehy- 
drophenylalanylglycine were thoroughly mixed ■with 75 cc. of acetic 
anhydride, 30 cc. of benzaldehyde, and 17 gm. of anhydrous sodium ace- 
tate and kept for 2 days at room temperature. The excess acetic anhydride 
was then decomposed -with 75 cc. of water at 0°. On filtration, 60 gm. of 
the azlactone of acetyldehydrophenylalanyldehydrophenylalanine W'ere 
obtained. This was recrystallized from a mixture of acetone and w'ater. 
M.p., 184-186° (corrected).^ A mixture 'with the previously described 


’ The mother liquor, on further dilution with water, yielded a small second crop. 
When this was covered with the 15-fold amount of ether, bright yellow and deep orange 
crystals slowly appeared, which were separated mechanically. The yellow crystals 
were the azlactone described above, m.p. 184-186°. The orange crystals were an 
isomer, which, above 172°, sintered and melted somewhat to form a yellow semisolid, 
which in turn melted sharply at 191-193° (with decomposition) (corrected). Found, 

C 72.0, H 4.7, N 8.3. 
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azlactone obtained from acetyldchj'drophcnylnlanylphenylscrinc melted 
at the same temperature. 

C:oH,eO,N 2 . Calculated. C 72.3, II 4.8, N 8.4 

332.3 Found. " 72.1, " 4.9, " 8.5 

For hydrolysis to the corresponding acid, 30 gni. of the azlactone were 
dissolved in a mixture of 300 cc. of acetone and 125 cc. of n NaOH. After 
2 hours, 130 cc. of N HCl were added. Needles of a bright buff color pre- 
cipitated. They ■were dissolved in a boiling mixture of 500 cc. of ethanol 
and 230 cc. of water and precipitated bj' the addition of more water at 0°. 
Yield, 28.0 gm. M.p., 20-1-205° (vath decomposition) (corrected). 

CioHuOrHjO. Calculated. C 65.2, IT 5.5, N 7.6, 11,0 4.9 

368.4 Found. “ 65.2, “ 5.6, " 7.7, " 5.0 

Acctyldehydrophenylalanyldehydrophcnylalaninc forms rods. It is some- 
what soluble in hot acetone and hot alcohol, much less so in ethyl acetate, 
ether, and water. 

The amide of this peptide was obtained bj”^ shaking 10 gm. of azlactone 
mth a mixture of 20 cc. of pjTidine and 80 cc. of concentrated aqueous 
ammonia. After 3 hours water was added, and the amide filtered off and 
recrystallized from a 1 : 2 mixture of alcohol and water. The amide forms 
coarse four- and six-sided plates. M.p., 229° (with decomposition) (cor- 
rected). 

C 2 oHijNj 03 . Calculated. C 68.7, H 5.5, N 12.0 

349.4 Found. “68.5, " 5.4, " 11.9 

Bcnzoyldehydrophenylalanyldehydrophenylalaninc — 33 gm. of benzoyl- 
dehydrophenylalanylglycine were thoroughly mixed at room temperature 
with 100 cc. of acetic anhydride, 15 cc. of benzaldehyde, and 10 gm. of 
anhydrous sodium acetate. After 1 day, the resulting azlactone was 
isolated in the usual manner. It was dried, covered with 100 cc. of ethyl 
acetate overnight at 0°, filtered, and treated vdth another 100 cc. of ethyl 
acetate in a similar manner. Yield, 18 gm. M.p., 188-190° (corrected). 
For analysis the azlactone was recrystallized from hot ethyl acetate. 

C 25 H 18 O 2 N 2 . Calculated. C 76.1, H 4.6, N 7.1 

394.4 Found. “ 76.3, “ 4.6, " 7.2 

The same azlactone was obtained when 20 gm. of benzoyldehydro- 
phenylalanylphenylserinc were kept for 24 hours at 20° with 50 cc. of 
acetic anhydride and 1 gm. of anhydrous sodium acetate and the azlactone 
then isolated in the usual manner. Yield, 17 gm. After recrystallization 
from ethyl acetate, 12 gm. melting at 189-190° (corrected) were obtained. 
Found, C 76.1, H 4.8, N 7.2. 
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20 gm. of azlactone were shaken at room temperature with 200 cc. of 
acetone and 55 cc. of n NaOH until a clear solution resulted. After 5 
hours, 57 cc. of n HCl were added and the acetone removed from the 
solution in vacuo. On addition of water and a small amount of ether, 
20.7 gm. of benzoj'ldehydrophenylalanyldehydrophenylalanine were ob- 
tained. The crude material was twice recrystallized by dissolving it in 
about 500 cc. of hot ethyl acetate and precipitating with petroleum ether. 
Yield, 12.0 gm. M.p., 180-181° (wth decomposition) (corrected). 

CjsH,o 04 Nj. Calculated. C 72.8, H 4.9, N 6.8 

412.4 Found. “72.7, " 5.0,“ 6.6 

Benzoyldehydrophenylalanyldehydrophenylalanine forms cream-colored 
rods, which are sparingly soluble in acetone, ethyl acetate, ethanol, and 
ether, and much less so in petroleum ether and in water. 

The amide of benzoyldehj'drophenjdalanyldehydrophenylalanine was 
obtained when 6 gm. of the azlactone were added to a mixture of 15 cc. of 
concentrated aqueous ammonia and 12 cc. of pyridine. After several 
hours, the amide was precipitated with water, and recrystallized from 
methanol by the addition of water. M.p., 199° (corrected). 

CjjHjiO.N,. Calculated. C 73.0, H 5.1, N 10.2 

411.4 Found. “72.9, “ 5.2, “ 10.1 

Acelyldehydrophenylalanyldehydrotyrosine — 26 gm. of acetyldehydro- 
phenylalanylglycine tvere mixed with 50 cc. of acetic anhydride, 14 gm. of 
p-hydroxybenzaldehyde, and 7 gm. of anhydrous sodium acetate. After 
initial cooling, the mixture was kept at 40° for 2 days. The crude azlac- 
tone, isolated in the usual manner, was digested \vith 150 cc. of acetone at 
0°, filtered off, and recrystallized from ethyl acetate by the addition of 
petroleum ether. Yield, 20 gm. The azlactone sintered at 165° and 
melted at 193-194° (corrected). As was to be expected, the azlactone 
contained the phenolic hydroxyl of the tyrosine residue in the acetylated 
form. 

CjsH.sOsN,. Calculated. C 67.7, H 4.6, N 7.2 

390.4 Found. “ 67.6, “ 4.8, “ 7.2 

39 gm. of azlactone were stirred at room temperature with 250 cc. of 
acetone and 300 cc. of n NaOH. After 3 to 4 hours, 305 cc. of n HCl 
were added and the acetone removed in vacuo. An oil separated which 
solidified on addition of a small amount of ether. The solid was filtered 
off by suction. Yield, 28.4 gm. The dark brown crj^stals were digested 
for 24 hours at 0° with 125 cc. of anhydrous acetone, filtered, and again 
treated with acetone. The resulting buff crj'stals, 25 gm,, were recrystal- 
lized from 1.5 liters of absolute ethanol with the addition of much petro- 
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leum ether. Needles, melting at 218° (with decomposition) (corrected) 
were obtained. 


CsolIt.OsNj-illiO. Calculnlcd. C Cl .8, II -1.9, N 7.0, 11,0 1.2 
370.9 Found. “ G4.9, " 6.1, " 7.C, " 1.2 

Bcnzoyldchijdrophmylalanyhlchydrolyroshic — Tlic acetylated azlactone of 
this compound was prepared from 50 gm. of l)cnzoyldoh 3 'drophenylalanyl- 
glycine, 150 cc. of acetic anliydride, 23 gm. of p-hydroxybcnzaldehyde, and 
18 gm. of anliydrous sodium acetate. The crude acetyl azlactone was twee 
digested mth 250 cc. of anhydrous acetone at 0°, Yield, 55 gm. It was 
dissolved in 4 liters of hot acetone and crj'stallizcd b}’’ addition of 5 liters 
of water. For analysis, a sample was twee recrystallized from much 
ethyl acetate. M.p., 231-233° (corrected). 

CstHsoOjNj. Calculated. C 71.7, 11 4.4, N G. 2 

452.4 Found. “ 71.G, ” 4.4, “ G.3 

To a suspension of 5.5 gm. of acet}'! azlactone in acetone, 2 equivalents 
of N NaOH were added. The clear solution was acidified after 2 hours 
and concentrated in vacuo. 2.5 gm. of a yellow precipitate were obtained, 
representing the acetjd-free azlactone, Tuice recr 3 ’stallized from a mix- 
ture of acetone and water, this azlactone melted at 235-238° (corrected). 

CsjHuO^Ns. Calculated. C 73.2, H 4.4, N 6.8 

410.4 Found. “ 72.8, “ 4.6, “ 6.9 

In order to prepare benzojddehj'^drophenylalanyldehj'drotyrosine, 9 
gm. of acetyl azlactone, suspended in 160 cc. of acetone, werehj’-drolyzed 
by 80 cc. of N NaOH (4 equivalents). After 3 hours, 82 cc. of n HCl and 
160 cc. of water were added. The filtered precipitate was dissolved in 85 
cc. of acetone and reprecipitated by the addition of 170 cc. of water. 
Yield, 7.2 gm. M.p., 164-166° (with decomposition) (corrected). 

CjjHjoOsNj-HjO. Calculated. C 67.2, H 5.0, N 6.3, HjO 4.0 

446.4 Found. " 67.2, " 4.9, “ 6.3, “ 4.0 

The acid forms almost colorless crj^stals, showing a slight brownish cast. 
It is soluble in aqueous KHCO3 and also in methanol, ethanol, and acetone. 

The amide of this acid was obtained when 12 gm. of acetyl azlactone 
were mixed with 25 cc. of ether and 25 cc. of a concentrated aqueous solu- 
tion of ammonia and allowed to stand overnight. After addition of water, 
the amide was filtered off (8.3 gm.) and first recrj’-stallized from acetic 
acid and water and afterwards from methanol and w’ater, IM.p., 228° 
(wdth decomposition) (corrected). 

CjsHjiOiNj-HjO. Calculated. G 67.4, H 5.2, N 9.4 

445.4 Found. “ 67.4, “ 5.2, “ 9.6 
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Acctyldchydrolciteyldchydrophcnylalaninc — 15 gm. of the aforementioned 
mixture of acetyldehj’droleucylglycine and sodium chloride were tho- 
roughly nuxed with 25 cc. of acetic anhydride, 7 cc. of benzaldeh3’de, and 4 
gm. of anhj’drous sodium acetate. The mixture was initial^' cooled to 
counteract the spontaneous generation of heat, then kept at 40°. After 
about 20 hours, 30 cc. of ice water were added and the azlactone of acetjd- 
dehj'droleucjddehj’drophenv'lalanine soon crystallized. It was recrj’stal- 
lized from acetone by the addition of water as colorless, rectangular plates, 
which, in aggregate, showed a slight brownish tint. Yield, 10.0 gm. 
M.p., 171-173° (corrected). 

Ci7Hi,0,Ns. Calculated. C 68.4, H 6.1, N 9.4 

293.3 Found. " 68.5, “ 6.2, “ 9.2 

The azlactone was soluble in eth3'l acetate, acetone, and ethanol; very 
slightly so in water. 

The transformation into the free acid was effected b3’ dissolving 10 gm. 
of azlactone in 35 cc. of acetone and adding 35 cc. of n KaOH. After 2 
hours, the addition of 35 cc. of n HCl produced a 3’ellowish precipitate. 
It was recrystallized from acetone by the addition of water. Yield, 8.1 
gm. of fine, long needles. M.p., 215-216° (with decomposition) (corrected). 

CitHjoOiNj. Calculated. C 64.5, H 6.4, N 8.8 

316.3 Found. “ 64.7, 6.5, “ 9.0 

Carhohemoxyglycyldehydrophenylalanyl-l-gluiamic Acid — 3.0 gm. of glu- 
tamic acid were shaken with 18 cc. of acetone, 18 cc. of 2 n NaOH, and 6.85 
gm. of carbobenzoxyglycyldeh3'drophen3ialanine azlactone until a clear 
solution resulted. Upon addition of 36 cc. of n HCl, the carbobenzox3’-- 
tripeptide obtained cr3'stallized as colorless rods. Yield, 95 per cent of 
the theory. M.p., 158-162° (corrected). The tripeptide was dissolved 
in 30 cc. of a 4:1 acetone-water mixture and reprecipitated 63’ the addition 
of more water. M.p., 177-179° (with decomposition) (corrected). 

C„H„0,N,. Calculated. C 59.6, H 5.2, N 8.7 

483.5 Found. " 59.7, “ 5.2, “ 8.5 

Wl* = —29.6° (4.8 per cent, in p3Tidine). After another recr3'stalliza- 
tion, [a]l^ = -28.0°. 

The closely related peptides glycyldehydrophen3ialanme-Z-glutamic 
acid, glycyl-Z-phenylalanyl-Z-glutamic acid, and gl3'C3i-d-phenylalan3i-Z- 
glutamic acid have been obtained from chloroacetylphenylserine as starting 
material (1). 

CarbobenzoxyglycyldehydrophenylalanylphenylseriTie — ^22 gm. of car- 
bobenzox3'glycyldehydrophenylalanine azlactone were added to a solution 
of 12 gm. of phenylserine in 70 cc. of acetone and 68 cc. of n NaOH. The 
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mixture was shaken until a clear solution resulted and then allowed to 
stand overnight. On addition of 800 cc. of water and 70 cc. of n HCl, 
an oil formed wliich crystallized at 0°. Tlie dried material was dissolved 
in ethyl acetate and precipitated bj' the addition of ligroin. 26.4 gm. of 
carbobonzo.\j'glj'c 3 'kleh.vdroiihcn 3 ’lalanj’lphcnylscrino were thus obtained. 
For analysis, the substance was rocr 3 '.stallizpd from ethanol, hl.p., 
168-170° (corrected). 

Ci.IIjtOjNj. C.alciiliilcd. C 05. 0, II 5.2, N 8.1 

517.5 Found. “ 01. 8, ‘‘ 5.2, " S.O 

Acc(ylbis{dchydwphcnylala7vjl)glycmc — This acct 3 'la(cd tripeptide was 
prepared b 3 ’^ stirring 4.7 gm. of gh’cine with 100 cc. of acetone, 62.5 cc. of 
N NaOH, and 20.7 gm. of acctyldehydrophcnylalanyldehydroiihcnylalanine 
azlactone. After 3 to 4 hours the clear solution was acidified with 65 cc. 
of N HCl. At 0°, 24,5 gm. of the tripeptide crystallized as heav 3 ’ plates. 
It was dissolved in a mixture of 600 cc. of water and 250 cc. of methanol 
by the addition of 12 gm. of sodium bicarbonate. On addition of HCl 
and some ether, the peptide crystallized. It. was rccrystallized once more 
b 3 ’' dissolving it in a mixture of 1 liter of hot methanol and 100 cc. of water. 
On -addition of 1 liter of water, 21.7 gm. of peptide were obtained. For 
analysis, it was dried at 100° and 1 mm. over PsOs. 

C-jHjiOsNj. Calculated. C Cl. 8, II 5.2, N 10.3 

407.4 Found. ‘‘64.7, “ 5.2,“ 10.1 

The acetylated tripeptide begins to discolor at 205° and decomposes com- 
pletely at 216° (corrected). It is rather sparingly soluble in most solvents. 

Acctylbis(dchydrophcnylalanyI)-l-aIam'ne — 5.6 gm. of f-alanine were 
stirred for 1 hour wth 100 cc. of acetone, 03 cc. of n NaOH, and 20.7 cc. of 
acetyldeh3’-drophenylalan3ddeh3'drophenylnlaninc azlactone. On the ad- 
dition of 65 cc. of N HCl, 23.3 gm. of colorless needles were obtained. Thc 3 ' 
were dissolved in 100 cc. of hot methanol. On the addition of 200 cc. of 
water and some ether, there cr 3 'stallized at 0° 20.5 gm. of the acetyl tri- 
peptide. For analysis it was recr 3 'stallized once more. M.p., 215-216° 
(wth decomposition) (corrected). 

CsjHsjOjNj. Calculated. C 65. 5, H 5.5, N 10.0 

421.4 Found. “ 65.8, “ 5.7, “ 9.9 

[«]d = -268.4° (2.3 per cent, in p 3 Tidine). A sample which was re- 
crystallized once more showed [alD® = —255.1°. This preparation showed 
at a lower temperature [a]D° = —282.9°. 

Acelylbis{dehydrophenylalanyT)-l-leucine— This peptide was obtained 
from 4.2 gm. of Weucine, 85 cc. of acetone, 35 cc. of n NaOH, and 11 gm. 
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of acetyldehydrophen 3 'lalan 3 ’ldeh 3 'drophenj'lalanme azlactone. On addi- 
tion of 36 cc. of N HCl to the resulting solution, 15.1 gm. of peptide were 
precipitated as cream 3 ' white rods. It was twice recr 3 'stallized by dis- 
Eoh-ing it in 1.2 liters of boiling 95 per cent ethanol and adding to this 
solution 3 liters of water. M.p., 235-236° (wth decomposition) (corrected), 
after sintering from 225°. 

C«H,jOsN,. Calculated. C 67.4, H 6.3, N 9.1 

463.5 Found. “ 67.4,“ 6.3,“ 9.2 

[a]“ = —245.2° (2 per cent, in p 3 Tidine). After another recr 3 'stalliza- 
tion [q]’2 = -245.6°. 

For acet 3 ddeh 3 ^drophen 3 dalan 3 ’lleucine, no rotation was given by 
Behrens el al. (4). For an analyzed preparation, there has now been 
found [a]” = 4-36.9° (2.5 per cent, in p 3 ’Tidine). A sample which was 
recr3'stallized once more showed [a]o' = 4-37.2°. 

Acetylhis{dehydrop}ienylalanyl)-l-phenylalanine — 5.3 gm. of Z-phenylala- 
nine were stirred vith 85 cc. of acetone, 34 cc. of n NaOH, and 11 gm. of 
acet3'ldeh3’drophen34alan34dehydrophen3dalanine azlactone. At 30°, the 
azlactone dissolved in § to 1 hour. After another hour, the solution was 
cooled and acidified vith 35 cc. of n HCl. The acetyl tripeptide crystal- 
lized at once. Yield, 15.6 gm. It was dissolved in 1.7 liters of hot 90 
per cent ethanol and reprecipitated by the addition of water. Yield, 14.0 
gm. M.p., 229-230° (with decomposition) (corrected), after darkening 
from 216° on. 

CjjHijOsN,. Calculated. C 70,0, H 5.5, N 8.4 

497.5 Found. " 69.9, “ 5.5, “ 8.4 

l«]n® = —172.2° (5 per cent, in p 3 Tidine). Another preparation showed 
Wd" = -171.6°. 

Acelylbis(dehydrophenylalanyl)-l-iyrosine — To a suspension of 11.6 gm. 
of Z-t3TOsme in 170 cc. of acetone, were added, with stirring, 68 cc. of 
N NaOH and then, 22 gm. of acetyldeh 3 ^drophen 3 ’lalan 3 ddeh 3 'drophenyl- 
alanine azlactone. After 5 hours stirring at 30°, the mixture was filtered, 
the filter repeatedly washed v4th water, and the combined filtrates acidified 
by the addition of 70 cc. of n HCl. At 0°, 26.4 gm. of cr 3 'stals separated. 
They were dissolved in 100 cc. of hot methanol, the solution was filtered, 
and 400 cc. of water and 200 cc. of ether were added to the filtrate. The 
peptide cr 3 'stallized at 0°. M.p., 172-173.5° (with decomposition) (cor- 
rected). 

CMHnO.Nj.JHjO. Calculated. C 66.6, H 5.4, N 8.0, HiO 1.7 

522.5 Found. “ 66.4, “ 5.6, “ 7.9, “ 1.7 

Wd* = —137.1° (2.1 per cent, in pyridine). The preparation was re- 
crystallized once more. = —133.6°. 
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Acelylbis{dchydro'phcny]alanyl)-l-‘prolim — 12 gm. of /-prolinc were dis- 
solved in a mixture of 100 cc. of acetone and 108 cc. of N NaOH and, after 
addition of 34.7 gm. of acct 3 'Idchj'drophcnylnlanyldchj’drophcn 3 'lalanine 
azlactone, stirred for an liour. On addition of 110 cc. of n HCl, an oil 
separated which .soon cr 3 ’.stnllizcd. Yield, 43 gm. For recr 3 ’slallization, 
the product was dissoh'cd in 200 cc. of methanol and 200 cc. of water were 
added. At 0°, 38 gm. of nccdlc-.shapcd ciystals were obtained. M.p., 
203-204° (with decomposition) (corrected). For nnaly.sLs, the sub.stancc 
was dried at 78° and 0.05 mm. over nnh 3 'drou.s CnS 04 . 

CjsH.jOsNj. Calculated. C 67.3, II 6.0, N 0.4 

447.4 Found. " GO. 7, *' 6.C, " 9.5 

Md = -1-60.6° and [a]f = -1-50.6° (2 per cent, in p 3 Tidinc). Another 
preparation gave [aje® — -{-48.8°. 

In a previous communication (Behrens cl al. (4)), ncc( 3 ']dch 3 'drophen 3 'l- 
alan 3 ''l-Z-prolinc was described. The rotation of this substance has now 
been determined. For two preparations the \'alues {«]” = -f79.9° and 
[a]^ — -f 80.5°, respectively, were found. 

AcctyJbis(dehydrophcnyManyl)phcnylscrinc — 18 gm. of /ra;!s-phen 34 serine 
were stirred at 50° vith 150 cc. of acetone, 100 cc. of n NaOH, and 33.2 
gm. of acet 3 '’ldch 3 'drophcnylalan 3 ’'ldeh 3 'drophcnyla!nninc azlactone. After 
1 to 2 hours, the clear solution was cooled and acidified with 105 cc. of 
N HCl. On standing at 0°, the acct 3 'lated tripeptide crystallized. Yield, 
44.5 gm. For anal 3 '’sis, a sample was rccr 3 fstallized several times from liot 
90 per cent ethanol 63 ' the subsequent addition of water and dried at 120° 
and 1 mm. over anh 3 '^drous CaSO«, M.p., 223-225° (vath decomposition) 
(corrected). 

CsjHjjO.N,. Calculated. C G7.8. H 5.3, N 8.2 

513.5 Found. " 67. 9, " 5.4, “ 8.2 

Aceiylbis(dehydrophenylaJanyl)-l-ghdamtc Acid — This substance was pre- 
pared by empl 03 dng 30 gm. of Z-glutamic acid, 450 cc. of acetone, 410 cc. of 
N NaOH, and 66 gm. of the azlactone of acetyldehydrophen 34 alan 34 de- 
hydrophenylalanine. After 2 hours stirring, 415 cc. of n HCl, 100 cc. of 
ether, and 350 cc. of water were added to the clear solution. Yield, 90 
gm. For purification, the substance was dissolved in methanol and 
precipitated by the addition of water and ether. The long, colorless needles 
melted at 209-210° (with decomposition) (corrected). 

C25H55O7NS. Calculated. C 62,6, PI 5.2, N 8.8 

479.5 Found. " 62.8, " 5.5, " 8.8 

[q.]^ =r —182.4°. After recrystallization, [a]n“ = —182.6°. 

Bis{aceiyldehydrophenylaIanyl)-l-cystine—A suspension of 6 gm. of I- 
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cystine in a mixture of 20 cc. of acetone and 25 cc. of water was stirred with 
52 cc. of N NaOH and 9.5 gm. of acetjddehj’drophenjdalanine azlactone for 
about 5 hours. After filtration and the addition of 30 cc. of water and 55 
cc. of N HCl, the peptide crystallized as colorless microscopic needles. 
Yield, 14.3 gm. For recrystallization, the peptide was dissolved in 80 cc. 
of hot 65 per cent methanol and precipitated by the addition of water. 
M.p., 212-213° ('With decomposition) (corrected). 

CaH„OsN,S.. Calculated. C 54.7, H 4.9, N 9.1, S 10.4 
614.7 Found. “ 54.5, “ 4.8, “ 9.1,“ 10.4 

[“I’d"' = —19.5° (2 per cent, in pyridine). After another recrystal- 
lization [a]o was —19.0°. 

Azladone of Acelylbis(dehydrophenylalanyl)dehydrophenylalanine — ^20 gm. 
of acetylbis(dehydrophenylalanyl)phenylserine were treated with 50 cc. 
of acetic anhydride and 2 gm. of sodium acetate for 2 days at room tem- 
perature. 50 cc. of ice water were added. After the mixture had been 
kept at 0° for 24 hours, the yellow azlactone of acetylbis(dehydrophenyl- 
alanyl)dehj'drophenylalanine was filtered. Yield, 18 gm. The azlactone 
was recrystallized several times by dissolving it in 1.25 liters of boiling 
acetone and precipitating it by the addition of 900 cc. of water. Yield, 
11.5 gm. M.p., 233-235° (with decomposition) (corrected). 

CssHjjOiN,. Calculated. C 72.9, H 4.8, N 8.8 
477.5 Found. “ 72.9, “ 4.8, “ 8.9 

Acelyllris{dehydrophenylalanyl)-l-phenylalamne — 10.6 gm. of /-phenyl- 
alanine from hemoglobin (13) were suspended in 200 cc. of acetone. 70 
cc. of N NaOH were added with sthring and .subsequently 31.6 gm. of 
acetylbis(dehydrophenylalanyl)dehydrophenylalanine azlactone. After 1 
to 2 hours stirring at 40°, the solution w'as cooled, and 73 cc. of n HCl and 
50 cc. of ether were added. Crystallization soon started. Yield, at 0°, 
29.4 gm. The yellow substance was heated with 250 cc. of absolute 
alcohol, an undissolved yellow substance filtered off, and the filtrate diluted 
'With 1 liter of water and some ether. The tetrapeptide crj'stallized in 
four-sided platelets. After a second recrystallization, it was colorless 
and weighed 19.5 gm. The peptide turns yellow at 172-173° and melts 
to a viscous half solid mass w'hich decomposes completel 5 ' at 201-202° 
(corrected). 

CijHjiOiN,. Calculated. C 71.0, H 5.3, N 8.7 
642.7 Found. " 71.1, “ 5.4, “ 8.6 

[“Id” = —36.3° (2.3 per cent, in pyridine). After another recrystal- 
lization [a]^" was -35.4°. 

Acetyllris(dehydrophenylalanyl)phenylserine — To a solution of 20 gm. 
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of /ra/is-phcnylserinc in -150 cc. of nccfonc, 50 cc. of water, and 110 cc. of 
N NaOn, 4S gm. of the azlaclono of l)i.s((lehy(lrophenylalanyl)clehydro- 
phenylalaninc were added, and the inixtnrc was stintnl at 50°. After 9 
hours the material, winch contained large amounts of orange ncedlc.s, was 
cooled and acidified by the addition of 110 cc. of N IIC'I. Yield, 60.5 gm. 
The substance was dissolved in 250 to 300 cc. of methanol, some undis- 
solvcd part filtered off, and the filtrate mixed with 750 cc. of water and 250 
cc. of ether. The crystals obtained were recrystallized a second time in 
the same manner (56 gm.), and subsequently twice dissolved in a hot 1:1 
mixture of ethanol and ethyl acetate, and cryslallii^cd b}’ the addition of 
petroleum ether. Yuold, 36 gm. of six-sided platelets, melting at 199° 
(with decomposition) (corrected). The air-dry sub.stance was .analyzed. 

C,slb40,N,-II..O. Calculated. C 07.1, II 5.-1, N 8.3 
C7C.7 Pound. “ C7.2, " 5..'!, “ 8.2 

An attempt to determine the water of crystallization and to analyze the 
anhydrous substance gave somewhat ambiguous results. The exact com- 
position of the air-dry substance can therefore not bo regarded as definitely 
ascertained. 

Azlaclonc of Acctyltris{dchydrophcnylalanyl)dchydwphcnylalaninc — The 
azlactone was obtained bj’’ shaking 25 gm. of the corresponding tetrapop- 
tide of phenylserine described above A\ith 75 cc. of acetic anhydride and 
2 gm. of anhydrous sodium acetate. After 24 hours, 75 cc. of ice water 
were added. The mixture was kept for several hours at 0°. The filtered 
azlactone was then recrystallized from 850 cc. of acetone by the addition 
of water. Yield, 21 gm. After a second recryst.allization, the azlactone 
melted at 247-249° (nith decomposition) (corrected). 

CjsHjoOtN*. CalcuLatcd. C 73.3, H 4.8, N 9.0 
622.6 Pound. “ 73.2," 5.1," 8.7 

Bis(aceiyldehydrophenylalanyldchydrophenylalanyl)-l-cyslinc — 12 gm. of 
Z-cystine were stirred nith 200 cc. of acetone and 1 10 cc. of n NaOH. After 
a short while, 33 gm. of acetyldehj'drophenylalanyldehydrophenylalanine 
azlactone were added. After 2 to 3 hours, the solution was filtered and 
120 cc. of N HCl were added followed by some ether. Soon colorless 
crystals separated. Yield, 43.4 gm. For rocrystallization they were 
dissolved in a mixture of 500 cc. of water and 150 cc. of alcohol with the 
addition of 25 gm. of NaHCOs. The filtered solution was, after the addi- 
tion of ether, acidified vdth HCl. Yield, 41.3 gm. J\l.p., 209-211° (cor- 
rected). 

C«HuOioPl6S2-2H30. Calculated. C 58.8, H 5.1, N 8.9, S 6.8 
941.1 Found. “ 58.9," 5.2," 8.9, " 6.8 
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[ale” = —82.3° and [a]“ = —86.1° (2 per cent, in pjTidine). These 
values were obtained with the same solution. In another sample, 
was —82.6°. 
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THE UTILIZATION OF /S-m'DROXyBUTYRIC ACID BY THE 
PERFUSED LACTATING MAMMARY GLAND 

Bv J. C. SHAW 

{From Ihe Departmenl of Dairy Industry, Storrs Agricultural Experiment Station, 

Storrs, Connecticut) 

AND W. E. PETERSEN 

{From the Division of Dairy Husbandry, University of Minnesota, St. Paul) 
(Received for publication, December 31, 1942) 

It was reported previously on the basis of arteriovenous differences that 
the lactating mammarj' gland of the normal cow utilizes 0-h3'droxj'but}'ric 
acid (Shaw and ICnodt (1)). Later, Shaw ( 2 ) reported that the utilization 
of this substance bj’ the mammarj’ gland increased more than 100 per cent 
in ketosis when the blood ^-hj'droxj’butj'ric acid was abnormallj' high. As 
much as 37 per cent of the oxj’-gen consumption of the gland of the normal 
cow could be accounted for b}’ the oxidation of jS-hj’droxybutj-ric acid. In 
ketosis the utilization of this substance was so great that practically all of 
the oxygen consumed by the mammarj' gland could be accounted for when 
it was postulated that the / 3 -hydroxybutyric acid was oxidized b3’’ the 
mammar3' tissue for energ3' purposes. 

The object of the experiments reported in this communication was to 
ascertain whether the foregoing findings could be confirmed b3' a different 
method. In addition it was desired to determine whether the large utiliza- 
tion of ^-hydroxybut3-ric acid observed in ketosis would occur when there 
was a normal quantit3" of glucose in the blood. 

EXPERIMENTAL 

The experiments were carried out on bovine mammar3f glands perfused 
wth blood according to the technique described by Petersen, Shaw, and 
Visscher ( 3 ). Chlorazol fast pink was used as an anticoagulant. 2 to 10 
gm. of sodium P-h3'drox3'but3'rate’ were added to the blood at the beginning 
of each experiment. Acetone bodies were determined b3' the method of 
Barnes and Wick ( 4 ), and blood ox3'gen was determined b3' the method of 
Van Slyke and Neill (5). 

Nine perfusion experiments were conducted in which sodium ^-h3’drox3^- 
butyrate was added to the perfusate at the beginning of the perfusion. In 
each experiment the blood was anal3'zed for acetone bodies at the beginning, 
after the addition of the ^-h3'drox3'but3'rate, and at the end of the experi- 

* The racemic salt was kindly furnished us by Dr. R. H. Barnes of the University 
of Minnesota. 
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ment. to determine the total uptake of a’cetone bodies h\’ the gland. The 
blood glucose was maint ained at or in excess of 40 mg. per cent by the addi- 
tion of a 50 per cent solution of glu(;o.se from lime to time during the per- 
fusion, the amount added being estimated by the rate of blood flow through 
the gland. 

The results arc summarized in Table T. In llie nine experiments there 
was an average uptake of 20S9.4 mg. of /3-hydroxybutyric acid by the 
glands. The fraction consisting of acetone and acctoacctic acid was ap- 
parently not utilized. As considerable sodium /3-bydrox3'butyratc was 
added to tbc perfusate at the beginning of cacb perfusion, it was to be 
expected that some of the |3-hydrox3'butyratc would diffuse into the mam- 


Taiii.k I 


Utilization of Added fi-Ilydroxi/hutijralc by PcrJuRcd Lactaliny Mammary Gland 


Perfusion No, 

^-nydrOTybul>*ric acid 

Acetone + acetoacctic acid (as 
acetone) 

Times 

blood 

traversed 

f^land 

Bepinninff 

perfusate 

1 Final 
perfusate 

! Total dis- 
appearance 

Be;:lnnfnR 

perfusate 

Final 

perfusate 

1 Difference 


mi. fer cent 

tns,fitr«n{ 

Wf. 

mi. ftr cent 

mi. f-er tent 



106 

17.77 

4.55 

1057.6 

1.10 

1.17 



110 

21.98 

2.07 

1592.8 

0.60 

0.78 



111 

27.35 

2.48 

1989.6 

2.06 

1.80 

0.20 


112 

32.46 

2.75 

2079.7 

2,23 

1.91 

0.32 


114 

25.39 

0.72 

1983.6 

1.47 

1.02 

- 0.15 

11 

115 

25.95 

1.32 

1970.4 

1.36 

1.78 

- 0.42 

17 

126 

29.44 

1.42 

2521.8 





131 

16.65 

4.75 

1305.4 




■H 

154 

81.80 

28.00 

4304.0 





Average 

30.98 

5.34 

2089. 4 

1.47 

1.51 

- 0.04 



mary tissue. To determine whether the jS-hydroxybutyrate was actually 
being utilized by the glandular tissues, the entire mammary gland used in 
Perfusion 131, Table I, was macerated immediately following the perfusion 
and a weighed aliquot analyzed for acetone bodies. The macerated tissue 
was immersed in a dilute acid solution, after weighing, to prevent further 
breakdown of the /3-hydroxybutyric acid by enzymatic action. The total 
acetone bodj'’ content of the gland at the end of the perfusion, calculated as 
/3-hj’^droxj^butja’ic acid, was 197.7 mg. The minimum utilization of /S-hj'- 
droxybutyric acid by the perfused gland was therefore 1107.7 mg. 

A more complete balance study was then made in which the total oxygen 
consumption of the gland was also determined. The loft half of the udder 
was separated from the right half just before the beginning of the perfusion 
and immediately weighed and macerated and an aliquot immersed in a 
dilute acid solution. At the end of the perfusion the perfused half was 
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treated in the same fashion. The total acetone bodies per gm. of tissue 
(expressed as /3-hydroxybutj’ric acid) were then determined on the two 
aliquots. Assuming that the concentration of |3-hydroxybutyric acid per 
gm. of tissue in the right gland at the beginning of the perfusion was the 
same as that of the left gland which had been analyzed, it was possible to 
determine the quantity of /3-hydroxybutyric acid which had been metabo- 
lized by the gland during the perfusion. Sufficient /3-hydroxybutyrate was 
added at the beginning to maintain a relativel 3 ' high concentration of this 
substance in the blood during the entire perfusion, the concentration being 


Table II 


Per Cent of Oxygen Uptake Accounted for by p-Hydroxybutyrate Burning by Mammary 
Gland Perfused with Blood Containing Added p-Hydroxybulyrale (Perfusion 154) 


Time lapse 

Volume of blood through 
gland 

Oxygen utilixa^tion 


Total 

min. 

cc. 

tol. per cent 

CC. 

15 

6,315 

3.56 

222.8 

20 

8,150 

6.25 

509.4 

20 

8,575 

6.34 

543.7 

40 

17,075 

5.69 

971.6 

40 

18,124 

6.14 

1112.8 

40 

27,500 

4.61 

1267,8 

175 



4628.1 


P-Hydroxybutyric acid at beginning, blood, mg 6544.0 

“ “ “ “ tissue, ‘‘ 132.8 

“ “ “ end, blood, mg 2240.0 

“ " “ " tissue, “ 205.8 

“ " “ " total utilization, mg 4231.0 

Assuming /3-hydroxybutyrate burning, total oxygen required, cc 4104.0 

" “ “ oxygen consumed needed, % 88.7 


81.8 mg. per cent at the beginning and 28.0 mg. per cent at the end of the 
experiment. 

The blood flow was measured at 5 minute intervals. The oxygen utiliza- 
tion was determined at the intervals noted in Table II. The blood flow 
was remarkably constant during the greater part of the perfusion. The 
oxygen uptake was also quite uniform, except at the very beginning and 
near the end of the perfusion. The blood was not completely oxygenated 
at the beginning, and as a result the oxj^gen uptake was relativelj^ small 
during the first few minutes. Toward the end of the perfusion the blood 
flow increased, and the oxygen uptake per unit of volume of blood de- 
creased. 

An important question arises as to the percentage of the total oxygen 
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consumption of the gland tliat can be accounted for by ^-liydroxybutyric 
acid loss. From the balance studies sbo\vn in Table 1, it will be seen that 
the utilization of /3-hydroxybutyric acid is riuile large when there is a con- 
siderable concentration of this .substance in the blood. The complete 
balance study iirescnted in Table II shows that in this experiment 88.7 
per cent of the total oxygen consumidion can be accounted for by ^-hy- 
droxybutyric acid utilization, nss\iming that it is oxidized for energy’ 
purposes and that 1.0 mg. of /3-hydroxybutyric acid requires 0.07 cc. of 
oxygen for complete combustion. 

DISCUSSION 

The studies on the acetone body metabolism of the iierfuscd gland con- 
firm the findings that the lactating mammary gland utilizes ^-hydroxy- 
butyric acid. Likewise the data arc in agreement with the findings of 
Shaw (2) that the gland of the cow exhibiting kctoncmia used much more 
/3-hydroxybutyric acid than that of the normal cow and that the utilization 
is svifficient to account for most of (he oxygen consumed by (he gland. 

As the blood glucose is quite low in ketosis in cattle, there was a possi- 
bility that the increased utilization of ^-hydroxybutyric acid in ketosis was 
due to the failure of the gland to obtain .sufficient gluco.se for energy pur- 
poses and that /3-hydroxybutyric acid would be used by the gland in larger 
quantities only when there was a deficiency of glucose. There was also the 
alternate possibility that /3-hydroxybutyric acid was oxidized in preference 
to glucose and when present in large quantities would result in a decreased 
utilization of glucose by the gland. However, Shaw (G) was unable to 
detect any decrease in the utilization of glucose by the mammary gland of 
the cow with ketosis. It was suggested (2), therefore, that the mammary 
gland of the normal cow oxidizes other fat in addition to /3-hydroxybutyric 
acid and that the increase in the utilization of /3-hydroxybutyric acid in 
ketosis was accompanied by a decrease in the oxidation of other fat. Since 
the gland continues to obtain its normal supply of glucose in ketosis, it 
appears unlikely that the large increase in the utilization of /3-hydroxy- 
butyric acid in ketonemia is due to the oxidation of this substance in prefer- 
ence to glucose. Likewise it appears improbable that the increased utiliza- 
tion is the result of hypoglycemia. The latter observation is substantiated 
by the data in Tables I and II which show that the gland utilizes /3-hydroxy- 
butyric acid in excess of normal even when the blood glucose is maintained 
at a high level. 

It is, of course, possible that /3-h5’droxybutyric acid is used in direct 
synthesis. This possibility has been examined by Shaw ct al. (7), with a 
negative conclusion. 

The bulk of the evidence is believed to favor the suggestion that /3-hy- 
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droxybutj’ric acid is oxidized by the gland for energy purposes and that the 
gland of the normal cow also oxidizes other non-carbohj'drate substances 
for energj' purposes. 


SUMMARY 

1 . Added /5-hj’droxj’butyrate is utilized by the perfused bovine mammar 3 ’' 
gland. 

2. The quantitj' of /3-hj'droxybutyric acid metabolized by the gland, per- 
fused with blood containing large quantities of this substance, is consider- 
ably in excess of that utilized by the gland of the normal cow and is not 
dependent upon a low blood sugar level. 

3. As much as 88 per cent of the oxj-gen consumption of the perfused 
gland maj’ be due to ^-hydroxj'butyrate burning when the concentration of 
the latter substance is maintained at or above 28 mg. per cent. 
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A SIMPLIFIED PHOTELOMETRIC ESTIMATION OF 
TRIGONELLINE* 


Br SIDNEY W. FOX.t EDNA W. McNEIL, and HENRY FIELD, Jr. 

{From the Department of Internal Medicine, Medical School, Unirersily of Michigan, 

Ann Arbor) 

(Received for publication, August 28, 1942) 

It has been shown by Field, Melnick, Robinson, and Wilkinson (1) 
that a satisfactorj' measure of nicotinic acid nutrition wiU probably 
require the inclusion of a nearlj' quantitative method for the estimation 
of trigonelline, since a major portion of excreted nicotinic acid is generally 
found as the betaine. 

There have been recorded but few reactions offering promise as tools 
for the estimation of the small concentrations of trigonelline found in urine. 
The tj-pes of treatment which have been investigated for analidiical 
purposes include oxidation (2), alkaline treatment followed by reaction 
with cyanogen bromide and an amine (3, 4), miscellaneous color reactions 
(5-7), demeth 3 'lation and estimation of the released nicotinic acid, and 
alkaline treatment followed bj' condensation with an amine (8). 

A logical reaction to apply would seem to be the standard alkimide 
determination (9) followed bj' the cj'anogen bromide estimation of nico- 
tinic acid (3). On pure trigonelline we have been able to secure recoveries 
of over 90 per cent of trigonelline, as nicotinic acid. Recoveries of trigonel- 
line added to urine, however, were not satisfactorj'. 

The color reaction based on alkaline treatment of trigonelline solutions, 
which has been described bj' Kodicek and Wang (8), appeared to be quite 
adaptable to routine clinical use. Following the directions described, 
we did not secure consistent results, however, and found it necessarj' to 
modify the procedure in several ways. These modifications have resulted 
in simplification, a saving in time, and relativefy precise anafyses. 

In the procedure of Kodicek and Wang, the material containing trigonel- 
line is heated in alkaline alcohol to jfield methjdamine as one reaction 
product. The remaining product condenses with anj' of various amines 
to give the dj'e which is employed as a measure of the trigonelline present. 
^Tien the ethanolic method was employed in |his laboratorj", we found 
that the strong aqueous sodium hj'droxide caused separation into two 

* The expenses of this investigation were defrayed bj' The Upjohn Company, 
Kalamazoo, and the Horace H. Rackhara School of Graduate Studies, University 
of Michigan, Ann Arbor. 

t Upjohn Company Fellow. Present address. Research Department, F. E. 
Booth Company, Inc., Emeryville, California. 

645 



G46 


ESTIMATION OF 'nUGONIN.EINE 


phases. It seemed likely that this might serve as a primarj’ source of 
the inconsistcut results which we obtained. Other solvents were therefore 
tried. The color did not develop normally when water was the only 
solvent. Methanol, used as dcsp.rihed in the experimental section, was 
found to yield a monophasic reaction medium. This alcohol resembled 
ethanol rather than water in promoting the formation of tiic chromogenic 
degradation product. An added advantage of this medium is that the 
final, neutralized sample seldom exhibits any color, thus eliminating the 
use of charcoal and its attendant effect, upon reproducibility (4). 

The need for sulfate removal as practiced when benzidine is employed 
as the reacting amine was also avoided. Of a number of amines tested 
under comparable conditions, dianisidine and p-aminoacctanilide showed 
as gi'cat or greater sensitivity. Furthermore, they did not precipitate 
with sulfate. 

At the concentrations at which measurements of trigonelline arc made in 
the diluted urines, the photometric intensity-concentration cun-e approxi- 
mates a straight line. Such cuiwcs were determined for a number of urines 
and one fairly typical sample was selected for an extended study of this 
sort. The curves arc presented in Fig. 1. It is likely that the value of 
the photometric intensity relative to the concentration decreases at con- 
centrations higher than those tested. Tins belief is substantiated by un- 
successful experiments carried out with the purpose of preparing and 
isolating for characterization the actual pigment formed. 

EXPERIMENTAL 

Scnsiilviiy of Various Amines — In these tests 10 mg. of trigonelline acid 
sulfate (10) were dissolved in 4 cc. of water, and IG cc. of ethanol were 
added. To this were added 4.2 cc. of 40 per cent sodium hydroxide solu- 
tion and the mixture was refluxed for half an hour. The solution was 
then cooled and neutralized to pH 7 (±0.5) with Alkacid paper as indi- 
cator, diluted to 1 liter with water, and filtered. To 10.0 cc. portions 
was added 1.0 cc. of a solution of each of the amines listed below made 
up to a nearly saturated solution in 5 per cent hydrochloric acid. All 
amines were Eastman products. Those tested wore p-aminoacetanilide, 
p-aminoacetophenone, 1-aminobenzimidazole, p-aminobenzoic acid, p- 
aminobenzophenone, l-amino-2-naphthol, 2-amino-4-nitrophenol, a-amino- 
pyi-idine, benzidine, cresidine, dianisidine, sulfanilic acid, tolidine, and 
p-toluidine. The intensities of color developed were read on the Evelyn 
photoelectric colorimeter (11) through Filter 520. Dianisidine proved 
to be the most sensitive amine. 

Reagents — 

Alkali. 400 gm. of sodium hydroxide are dissolved in 600 cc. of water. 
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Dilute hydrochloric acid. 10 cc., of concentrated HCl are made up to 
200 cc. with water. 

Methanol. Du Pont sjuithetic methanol was employed. 

Dianisidine solution. 2 gm. of dianisidine, previously twice recrj^stal- 
lized from ethanol, are dissolved in 100 cc. of acetone and 300 cc. of 1.8 
per cent hydrochloric acid. 

Standard trigonelline solution. 191 mg. of trigonelline sulfate (10) 
are made up to 2000 cc. with water containing one-fifth volume of methanol. 
The methanol serves to inhibit bacterial and mold growth. 

Procedure — ^In each of two 125 cc. Erlenmeyer flasks are placed 2.50 cc. 
of the urine. To the test sample 2.50 cc. of water are added, while 1.0 cc. 
of standard trigonelline solution plus 1.50 cc. of water is added to the re- 
covery sample. 15 cc. of methanol and 5.0 cc. of 40 per cent NaOH 
solution are added to each. The solutions are refluxed for 30 minutes 
under condensers with aflaxed soda lime tubes. The flasks are then cooled 
and the contents transferred to 50 cc. volumetric flasks. 5 cc. of water 
are now added to each volumetric flask. The Erlenmeyer flasks are rinsed 
with methanol and the rinsings also added. The pH is adjusted to 8 
ViTth concentrated HCl, care being taken not to allow the solution to 
become acid. The volume is made up to 50.0 cc. with methanol. From 
each sample two 9.0 cc. portions of clear liquid are pipetted into two pho- 
telometer tubes and 1.0 cc. of dianisidine solution is added to one; to the 
other, which sers'es as a blank, 1.0 cc. of 1.8 per cent HCl is added. The 
contents of each tube are thoroughly mixed. The companion blank is 
used to set the instrument at 100, and the tubes containing dianisidine 
are read at 10 nunute intervals (Filter 520) until a maximum intensitj’’ of 
color is reached. 

The difference between the two L' values for the recovery sample and 
the analyzed sample is divided by 10 (the number of micrograms of trigonel- 
line added to the recovery sample) to give K. The content of the measured 
fraction of the original sample of urine is then equal to its L value divided 
by the calculated K. The amount of trigonelline in the original 2.50 cc. 
sample is then 50/9 times tliis latter amount. 

It is necessary to determine the K each time since it varies for different 
urines and from the values in aqueous solution. 

The color of a blank without urine but including methanolic alkaline 
treatment, cooling, neutralization, and addition of dianisidine solution 
was tested against a tube containing water, used to set the instrument at 
100. The readings on two such samples were 100 and 102, indicating ab- 
sence of reagent color. For each determination, a blank can therefore be 

^ L is analogous to optical densitj' as measured on a spectrophotometer and cor- 
responds to the quantitj' (2 — log G), in which G is the galvanometer reading. 
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simply prepared from the diluted, treated urine without added dianisidinc, 
as described above. With few exceptions, these blanks behave in the 
photelometcr in the same way as an equivalent volume of water. The 
dianisidinc solution gi-nduall 3 ' devclop.s a color. After several weeks it 
becomes necessary either to correct for this color or to employ a fresh 
solution. 

Prccimn — As a measure of precision of the method, three groups 
of four analyses Averc mn. One pooled urine wa.s employed for sampling 
in each gi’oup. The following per cent .standard deviations were ob- 
tained, ±4.7, ±3.9, ±8.0. 



Fio. 1. Degree of deviation from the Bougucr-Becr law of six urine samples. 
Each line represents the average of the slopes (K) of eorresponding points. 

It is possible for one person to run sixteen samples, including eight 
recovery samples, in a standard working daj\ 

Validity of Boagiicr-Bccr Law — ^An experiment was first conducted with- 
out urine. The described procedure tvas followed, except for the amounts 
of added trigonelline. The solution of trigonelline contained twice as 
much as the standard, and 0.50, 1.00, 1.50, and 2.00 cc. were added. 
Instead of urine, each flask contained 2.50 cc. of 1 per cent urea solution 
for its buffer effect during neutralization. For 10, 20, 30, and 40 y of 
trigonelline, there Avere obtained, respectively, for K 0.0227, 0.0206, 0.0218, 
and 0.0194. 

The results on six urinary samples are recorded in Fig. 1. 

Specificity— Kod.ice]<. and Wang found N-methylpyridinium hydroxide 
to give the same color as trigonelline. Of a number of other compounds 
tested in this study, only dextrose, in the presence of urea, interfered. 
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Dextrose is, of course, structurally remote from trigonelline. It is likeh-, 
however, that the fundamental color reaction involves formation of a 
Schiff base, and the ubiquitous dextrose might be expected to give alde- 
hydes in the alkaline treatment. Dextrose solutions were accordingly 
run through the described procedure. The color values which are pre- 
sented in Table I indicate a limitation of the analysis in the case of food- 
stuffs and diabetic urines. 

The other compounds tested included nicotinuric acid, nikethamide, 
a-picoline, nicotine, caffeine, Neo-iopax, Diodrast, betaine, choline, 
thjTnol, urea, pjTidoxine betaine, and the methylated nicotine of Pictet 
and Genequand (12). The last two compounds ivcre of interest as con- 
ceivable excretion products of pyridoxine and nicotine, respective!}'. The 

Table 1 

Color Value of Dextrose Solutions of Various Concentrations 
The color is expressed as the number of micrograms of trigonelline per 2.5 cc. 
to which it is equivalent. 


Dextrose solution 

Color value 

per cent 


1 

9 

2 

13 

3 

24 

4 

71 


negative behavior of the pyridine compounds in this procedure is in con- 
trast to the activity of such substances with cyanogen bromide (3, 4). 

SUMMARY 

Factors operating in the estimation of trigonelline by alkaline treatment 
have been isolated and studied, and there has been evolved a simplified 
procedure for obtaining relatively highly reproducible results. Methanol 
was found to be a solvent which permits the reaction to be carried out in a 
single phase. The blank color is thereby diminished, and decolorization 
by the use of charcoal is eliminated. Dianisidine was found to be an amine 
condensing to give a dye of high sensitivity. Dianisidine is also usable 
without previous removal of sulfate ion. The specificity of the funda- 
mental reactions has been studied and dextrose has been found to inter- 
fere in determinations by this method. 
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THE SYNTHESIS OF NICOTINURIC ACID* 


Bt SIDNEY W. FOXf and HENRY FIELD, Jr. 

(From the Department of Internal Medicine, Medical School, University of Michigan, 

Ann Arbor) 

(Received for publication, September 2, 1942) 

In obtaining compounds for the study of nicotinic acid metabolism (1), 
it was apparent that a convenient method for preparation of nicotinuric 
acid (nicotinylglj’’cine) was needed. Although one sjmthesis has been 
reported (2) for this vitamin metabolite (3), the intermediate nicotinyl 
chloride is troublesome to obtain and purify (4, 5). 

The method developed for this work proceeds from the readily purchas- 
able nicotinamide. 

CsH.N— CONH, + NHr-NH, -* CsHiN— CONHNH, (I) 

CsHtN— CONHNH. -1- HNOj -» CsH,N— CON, (II) 

CsH^N— CON. + NH,CH,COOH -► C.H.N— CONHCH.COOH (III) 

An analogy to Reaction I is found in the preparation of benzoyl hydra- 
zide (6). Reaction II has been previously recorded (7) and Reaction III 
is similar to such condensations with hippuryl azide (8). 

In order to effect a reaction between nicotinamide and hydrazine, it 
was necessary to employ concentrated solutions. 0.1 mole, 12.2 gm., of 
nicotinamide and 12 gm. (0.1 mole) of 42 per cent hydrazine hydrate 
solution were refluxed for 6 hours. The solid which separated on chilling 
was recrystallized from 10 cc. of aqueous ethanol (4 volumes of ethanol 
to 6 volumes of water). In two runs there resulted 5.9 and 7.3 gm. of 
nicotinyl hydrazide, melting at 158-159°. 

In order to convert the hydrazide to azide, 4.1 gm. (0.03 mole) of hydra- 
zide, 12.0 cc. (0.06 mole) of 5 n HCl, and 30 cc. of water were chilled and 
treated with a solution of 4.1 gm. (0.06 mole) of NaN02 in 10 cc. of water 
slowly, with shaking, in an ice bath. The reaction mixture was extracted 
with four 50 cc. portions of ether, the ether extract washed thrice with 
10 per cent NaiCOj solution, twice with water, dried with CaCh, and the 
ether evaporated at the water pump. A sample of the residual solid 
melted at 48-49°. 

This was shaken with a little water and added portionwise with stirring 

* The expenses of this investigation were defrayed by The Upjohn Company, 
Kalamazoo, and the Horace H. Rackham School of Graduate Studies, University 
of Michigan, Ann Arbor. 

t Upjohn Company Fellow. Present address. Research Department, F. E. 
Booth Company, Inc., Emeryville, California. 
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and cooling lo a solution of 2.25 gm. (0.03 mole) of glycine in CO cc. of 1 
N NaOll solntion. Tlii.^^ was then UlteiTfl, acidified, and immediately 
conccnlrated under redneed prej^surc in a water hath at, 50'’'. When soIid.s 
separated, the mixture was •chilled aiul filtered. 'I'here wa.s obtained 

0. 81. gm. melting at 238-211'' with decomposition. 

Recry.stallir.ation gave 0.05 gm. melting at 212-2-M'’ with decompo.si- 

tion. 'J'lie ecpiivalent weight hy titration was 180.5 (thcoiy, ISO). A 
further quantity of nieotinurie acid of inferior purify could he obtained 
from the original mother liquor, 
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QUANTITATI’^'T: studies of the coaiposition of 

GLOAIERULAE URINE 


XV. THE CONCENTRATION OF SODIUM IN GLOMERUL.AR URINE 
OF NECTURI* 

Bt p. a. bott 

{From the Laboratory of Pharmacology, University of Pennsylvania, Philadelphia, and 
the Laboratory of Physiological Chemistry, IFoman’s Medical College of 
Pennsylvania, Philadelphia) 

(Received for publication, December 19, 1942) 

The results of a long series of experiments (1) have established the fact 
that the glomerular fluid of amphibia has the characteristics of an ultra- 
filtrate of plasma and that this fluid is modified in its passage along the 
tubule by reabsorption of water and solutes and by addition of some sub- 
stances bj' the tubule cells. Although important information has been 
obtained concerning the acidification process from the studies of total 
molecular concentration (2), pH (3, 4), and ammonia (5), direct quantita- 
tive examination of the fixed bases would be of considerable value in 
exploring the role of the kidney in acid-basc balance. Accordingly, begin- 
ning several years ago, work has been in progress at intervals on the deter- 
mination of these elements in appropriate quantities. This paper describes 
an ultramicro colorimetric method for sodium and its application in a com- 
parison of the sodium contents of serum and glomerular fluid in Nectiirif 

Analylical Methodr 

Sodium is precipitated as sodium zinc uranium acetate as in the Butler 
and Tuthill application (7) of the method of Barber and Kolthoff (8). The 
precipitate is washed ■with a solution of magnesium uranium acetate satu- 
rated with sodium magnesium uranium acetate. This reagent was used 
by Blanchetiere (9) for the precipitation of sodium but was chosen here 
as a wash fluid because it is an aqueous solution free from zinc in which 
the precipitate of sodium zinc uranium acetate is fairl 3 '’ insoluble. After 
being washed with alcohol and ether, the precipitate is dissolved in water 

’ The expenses for this investigation have been defrayed in part from a grant by 
file Commonwealth Fund of New A'ork to the University of Pennsylvania for the 
study of kidney function. Reported in part before the Physiological Society' of 
Philadelphia on November 17, 1942 {Am. J. Med. Sc., in press). 

Analyses for sodium in two samples obtained from the tubules of rat kidneys have 
been reported (6). 

’ The method may be used satisfactorily for samples of the size used in the gravi- 
metric method and modifications could be made for samples of smaller size. 
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and analyzed for zinc by incnns of the red color developed with diphenjd- 
thiocarbazonc. This colorimetric method, \ised by Dcckcrt (10) for the 
determination of zinc in bioioRicai maforinls, has been applied here photo- 
electrically. 

ReagerUs — 

1. Zinc ufaninm acetate rcapent })rcpnrcd according to the directions 
of Butler and I'lithill (7). Severn! cc. of the reagent arc filtered through 
quantitative filter paper before use. 

2. Magnesium uranium acetate reagent prepared as described by 
Blanchctihre (9). Several cc. of reagent arc filtered through quantitative 
filter paper before use. 

3. Pure 95 per cent alcohol. 

4. Ether, redistilled. 

5. Water, redistilled. This should be redistilled from an all-Pyrcx still. 

6. Sodium hydroxide, 0.01 n, carbon dioxide-free, made up in redistilled 
water. 

7. Diphcnylthiocarbazone solution, prepared immediately before use in 
the following manner. 100 mg. of diphcnylthiocarbazone (preferably East- 
man) are shaken for 3 minutes in 5 cc. of sodium hydroxide solution. This 
is done in a small glass-stoppered bottle or flask, the ground parts of which 
have been coated with a thin layer of paraffin. The excess reagent is 
filtered off through quantitative filter paper which has been washed in 
redistilled water and dried before use. If the Eastman product is used, 
1 volume of the filtered reagent is diluted with 4 volumes of sodium hy- 
droxide solution. Our experience has been that the intensity of color 
developed with zinc varies greatly with the brand and lot of reagent. The 
saturated solution of some brands may be used directly after filtration, 
wliile others will not develop sufficient color to bo used in these analyses. 

8. Zinc standards. Pure sodium zinc uranium acetate is prepared by 
precipitating the sodium of pure sodium chloride with the Butler-Tuthill 
reagent. 0.235 gm. of the triple salt is dissolved in redistilled water and 
made up to a liter. This stock solution containing 1 mg. of zinc per 100 cc. 
may be kept for years in a Pyrex bottle in the dark. Dilute standards 
containing from 10 to 70 y per cent of zinc arc prepared frcquentl}' b}' 
diluting the stock solution with redistilled water. 

9. 20 per cent trichloroacetic acid. This is made from trichloroacetic 
acid redistilled from an all-Pyrex still. Redistilled water is used for the 
solution. 

Preparation of Filters— Filters are made by sealing partially the ends of 
pieces of capillary tubing and packing filter paper pulp dovui into the funnel 
ends (see Fig. 1, B). Directions are as follows: (1) Cut 3 cm. lengths of 
“large” capillary tubing, 0.6 mm. in internal diameter (see Richards and 
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coworkers (11, 12)). The ends should be cut squarely; if this is not done, 
the funnel openings will be off center. (2) Seal partially one end of each 
piece of tubing by tw’irling it in a micro flame, examining progress under 
the microscope. The opening should be funnel-shaped, and should meas- 
ure approximately 0.1 mm. at the top and less at the bottom. If the open- 
ing is too large there will be a loss of precipitate, while if it is too small 
filtering and washing will be difficult or impossible. Discard any tubes 



Fig. 1. Apparatus for ultramicrodetermination of sodium. A and C are approxi- 
mately actual size. B is an enlargement (20 X) of the end of a filter tube. 

m which the openings are of incorrect size or are off center. (3) Pack 
filter paper pulp down into the ends of these tubes. Prepare the pulp 
beforehand by teasing apart in redistilled water. Dry the pulp in an oven 
at 105° and use as needed. Place a small amount of the dried pulp in a 
Petri dish. Tease off small bits with fine forceps. Introduce these into 
the open ends of the filter tubes and force them down into the funnel by 
means of “small” capillary tubing, Pack in each bit of pulp gently but 
firmly using alternately the open and sealed ends of a piece of small 
capillary tubing about 6 cm. in length. This method produces a filter 
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that is well packed both in the center nnd on the sides. Tlic packed filters 
should be O.G to 0.8 nun. in thickness nnd should show no spaces around the 
lilter mat. Wash and test the filters as follows: By means of a syringe 
with an adapter attached fill the filter tubes with redistilled water. Place 
several of them at a time in small, short test-tubes at the bottom of which 
arc small mats of elean, dry filter paper. Centrifuge these for about a 
minute and examine the tubes. Discard any which have not drained 
completely and place the rest in a clean weighing bottle to dry in an oven 
at 105°. Store the fitters in the covered weighing bottle in a dust-free 
container. 


Procedure for Aqueous Solutious 

Precipitation of Triple. Salt — By means of a stage micrometer check 
the outside diameter of a 15 cm. length of small capillary tubing. It 
should measure exactly 0.5 mm. Attach the tubing to the water manipu- 
lator as described for the chloride analysis of Westfall cl al. (12) but place 
the open end of the capillary over the -10 or 30 mark of the stage micrometer 
so that a sample of 0.2 to 0.4 c.mm. will be measured at the center of 
the field. The zero of the steel rule should be opposite the 35 mark on 
the micrometer scale. Introduce a column of sample 2 to 4 mm. in length 
and pull it in just far enough so that the meniscus is fully cur\’cd. Measure 
the sample carefully, pull it in about 5 mm., and introduce a 30 to 40 mm. 
column of zinc uranium acetate reagent, depending on the size of the 
sample. This should be done rapidlj' from a rather coarse capillary pipette 
which has just been filled with freshly filtered reagent. The measurement 
need not be precise but the fluid column should not be pushed back and 
forth, as any evaporation of the reagent would lead to high results. Pull 
in the reagent about 10 mm,, cut off the portion of the tube containing the 
fluids, and seal both ends in a micro flame without heating the reagent. 
Centrifuge and invert the capillary ten times, allow it to stand at room 
temperature for 10 minutes, and then centrifuge and invert five times 
more. During the 10 minute waiting interval examine a filter under the 
microscope and repack it gently. The volume of crystals now ^-isible at 
the end of the precipitation capillary will give an approximate idea of the 
amount of sodium in the sample. Examine the opposite end of the tube 
to see that no crystals have remained there. Then cut off the tip and 
insert the capillary into the filter tube so that the open end is about 6 mm. 
above the filter mat. The two tubes may now be sealed together with de 
IClrotinsky cement as indicated in Fig. 1 without heating the reagent. 
Insert the capillaries into a small hole in the rubber stopper and fit this to 
the test-tube as shown in A . By means of rubber-tipped forceps lower the 
entire assembly into a centrifuge cup and spin rapidly for about 15 seconds. 
Lift out the assembly to examine the capillary and filter. Usually a small 
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amount of fluid is found above the filter at this stage. Cut off the sealed 
end of the capillary without disturbing the assembly, centrifuge again 
for about 6 seconds, and inspect. If the filter has been properly prepared, 
no fluid will be visible above the mat. Centrifuge for 2 minutes more to 
insure complete draining. 

Washing — Place the assembly in a wooden block. Dip the end of a 
clean micro funnel (volume about 15 c.mm.) such as is shown at the top 
of C into magnesium uranium acetate solution. Pinch the rubber tubing 
attached and release it again, thus filling the funnel completely. Wipe 
off the outside with clean tissue and slip the rubber tubing over the end 
of the small capillary. Centrifuge for 6 seconds, take off the funnel, and 
continue centrifuging for 30 seconds more. Repeat this same process with 
two funnels of alcohol and two of ether. IVhen the ether has evaporated, 
a layer of clean, drj’’, yellow crystals should be visible on top of the dry 
filter mat. 

Solution of Precipitate — Transfer the stopper and capillaries to a larger 
tube (see C) calibrated to contain exactly' 6 cc. to the mark. Introduce 
a little redistilled water into the small capillary but remove the funnel, 
since this entire assembly is too long for the centrifuge. Spin for a few 
seconds, cut the capillary off about a cm. above the de Khotinsky cement, 
and then proceed as before, filling the funnel with water six or seven times. 
This should dissolve the precipitate and carry the solution completely 
into the graduated tube which is then filled to the mark vith water. 

Determination of Zinc — From a 0.1 or 0.2 cc. Mohr pipette drawn out 
to a fine tip, add 0.1 cc. of diphenylthiocarbazone solution to each unknown 
tube and also to each of three colorimeter tubes containing 6 cc. of water 
and of two standards, respectively. Place clean corks in the unknown 
tubes and mix by inverting several times. Transfer the contents com- 
pletely to colorimeter tubes and mix the fluids of all tubes by swirling. 
The blanks should be golden yellow, while the solutions containing from 
10 to 70 y per cent of zinc vary from orange to deep cherry-red. Take 
readings immediately, using Filter 565 with the 6 cc. aperture of the 
Evelyn colorimeter. With our sample of Eastman diphenylthiocarbazone 
a straight line curve is obtained, the 70 y per cent standard reading about 
34. Since there is some variation in the cun'e even though the solution 
of reagent is made up the same way each time, it has been found ad\'isable 
to run at least one standard every time an unknonm is run. Standards 
should be chosen in the range anticipated for the unknowns. Blank deter- 
minations, carried through the entire procedure with redistilled water 
substituted for a sample, gave maximum values of ±0.6 7 per cent of zinc. 
Since readings of this magnitude could be accounted for by errors in the 
calibration of the 6 cc. and colorimeter tubes, the blank is considered zero. 

CalculaUons — Since the inside of a very curved meniscus is taken for 
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monsuiomeul. of paniplcp, n voliiino fonoclion nuist bo nmdc. By inspec- 
tion i1. was found that tho addition of 0.005 ('.nun. for each meniscus (0.01 
in all) to tho r('oordod volume inuho.s tlu* moa.'juromont .sufficiently accurate 
for our puriiosos. ]’o.s.sil)ly the correction is sliphtly too small, hut this 
is compensated by the fact that, the in.side diameter of the tube is very 
slightly smaller than it .should be to rIvo exactly 0.1 c.mm. per cm. of tube 
length. This corrected volume is used to calculate the final dilution 
(30,000 times in the case of a corrected samfile volume of 0.2 c.mm.) and 
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Results pf Single Ultratnicroannliiscs for Sofliuui (S^aCl Solutions) 


Volume of s.implc 

; Sodium in wmple 

Concentration 

Concentration found 

I Ter cent error 

c.mn. 

7 

HIQfflMIII 

n[. pff €fni 


0.403 

1.20 


303 

-3.5 

0.405 

0.815 


lOS 

-1.5 

0.221 

0.004 


303 

-3.5 

0.20s 

0.400 


23S 

-fO.9 

0.410 

0.435 


lOS 

-1-1.9 

0.212 

0.420 

201 

19S 

-1.5 

0.20s 

0.300 

173 

17S 

•+2.9 

0.210 

0.310 

1G5 

15-t 

-0.7 

0.193 

0.274 

142 

150 

+5.0 

0.203 

0.210 

100 

117 

+10.4 

0.200 

0.190 

95 

1 

105 

+10.5 


since there is 1 atom of sodium for each of zinc in the triple salt, calcula- 
tions are as follows: 


Concentrntion of Na in sample 


atomic weight of Nn, 23.0 
atomic weight of Zn, C5.3S 


X concentration of Zn in final solution X dilution 


RcsitUs on Aqueous Sohdions — In 1938 a series of eight and in 1941 
another of eleven preliminary determinations were made. In these the 
sodium content of samples was from 0.2 to 0.7 7 , the average error was 
4.6, and the maximum error 13 per cent. In the past year the method 
has been modified slightly and reexamined for accuracy. Results of analy- 
ses made during the past year with the technique described above are 
shown in Table I. The composition of these solutions was unknown to 
the analyst. When samples contained 0.3 to 1.3 7 of sodium, the maxi- 
mum error was ±7 per cent, but the usual error was considerably less. If 
still smaller .amounts were used, the error was increased, as shown in 
Table I. In all the animal experiments to be described the samples con- 
tained at least 0.3 7 . 
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Analysis of Serum — ^Directions for serum are as follows: Draw into a 
large capillarj' a column of serum 3.0 mm. in length and follow this wth 
a column of equal length of trichloroacetic acid. Seal the tube and mix 

Table II 


Comparison of Results Obtained on Serum mith Gravimetric and Ultramicromcthods 


Type of senim 

Gravimetric 

Ultramicro 

Difference 



mg. per cent 

mg. per ctnl 

per cent 

Dog 


339 

350 

3.2 

Recturus 

1 pooled 

220 

218 

0.9 

(t 


217 

220 

1.4 

(f 

If 

227 

222 

2.2 

ft 

II 

233 

236 

1.3 

ft 

If 

217 

236 

8.8 

1 


Average 3.0 


Table III 


Sodium Concentration of Blood Serum and Glomerular Fluid of Necturus 


Date 

lUte of 
ffutd 

collection 

Sodium concentration 

1 

1 Difference 

Serum I 

1 Serum II 

Average 

Glomerular 

fluid 

tP42 

c.mm. per hr. 

r»g. per cent 

mg. per cent 

mg. per cent 

mg. per cent 

per cent 

Jan. 5 

1.2 

246 

262 

254 

227 

-10.6 

Feb. 28 


220 

188 

204 

208 

+2.0 

Mar. 3 . 

0.5 


1 259 


226 

-12.7 

“ 9 

1.0 

270 

286 

278 

273 

-1.8 

“ 16 

1.0 

256 

242 

249 

242 

-2.8 

Apr. 10 

0.5 

226 

229 

227 

202 

-11.0 

“ 17 

0.5 

216 

218 

217 

186 

-14.3 

May 15 

0.7 

266 

256 

261 

267 

+2.3 

June 19... 

0.4 

233 

196 

214 

203 

-5.1 

“ 29 

1.5 

236 

236 

236 

256 

+8.5 

July 1 .. 

0.8 

215 

213 

214 

224 

+4.7 

“ 7 

0.3 

241 1 

244 

242 

230 

— 5.0 

" 9 

0.2 

254 

235 

244 

266 

+9.0 

“ 21 

0.4 

264 

248 

256 

274 

+7.0 

'■ 24 

• 1.2 

274 

261 

267 

278 

+4.1 

Mean 

-1.7 



the contents by three centrifugations; allow the mixture to stand for 10 
nunutes, and then centrifuge again for 2 minutes. Use appro.ximately 
0.4 c.mm. for sodium analysis as described before. In Table II is shown 
a comparison of results obtained on serum by gravimetric and ultramicro- 




















GGO PODIUM IN' ai,OMKm;i,AU uuini; 

methods. In most ensos the pravimetric nnnly.^os were carried out in 
duplicate, while the uKramicrodeforminations wore done singly. Agree- 
ment was good in most ca.ses. In the last oNample in which the difference 
was S.S jier cent the rdtramicroanalysis was roj)eatod twice, the rc.sults 
being 232 and 23G mg. per cent. Unfortunately tiierc was in.sufTicicnt 
scrum to repeat the. gravimetric analy.sis. 

y\7umal KxprnmciUR 

The glomerular puncture. tcchni<iue of Wearn and Iliehards (13) was 
used on Nccluri as described by Walker and Rei.singcr (14), Blood was 
taken from the posterior cava before and after the glomerular fluid collec- 
tion and allowed to clot in cajnliaries before centrifuging. The results 
of fifteen experiments arc shown in Tabic III. In nine of the experiments 
the diflcrcncc between the average .‘-•erum .‘^odium and that of glomerular 
fluid is approximately 5 per cent or le.ss. The greatest differences are — M 
and -f 9 per cent. It is believed that these differences arc within the experi- 
mental error of the entire procedure and that the sodium content of the 
two fluids is essentially the same. The range of jirotcin concentration 
which White (15) found for N’edurus scrum was 1 .2 to 3.5 per cent. Analy- 
ses in two of our animals also showed scrum iirotein in this range. The 
sodium content of ultrafiltrates of such plasmas would be close to that of 
the plasma itself, though probably slightly lower. It may be a coincidence 
or a reality that the mean diflcrcncc in these experiments is slightly 
negative. 


SUMMARY 

1. A colorimetric ultramicromethod for the determination of sodium 
is described. The principle of the method is the precipitation of sodium 
as sodium zinc uranium acetate and the determination of zinc in a solution 
of the salt by means of the delicate color reaction with diphen3dtliio- 
carbazone. Samples as small as 0.2 c.mm. and containing as little as 
0.3 7 of sodium are determined with an average error of approximately 
3.0 per cent. 

2. In nine out of fifteen experiments on Nccturi the sodium content of 
glomerular fluid was within 5 per cent of that of serum. The greatest 
differences were — 14 and -f 9 per cent. These results arc interpreted as 
adding another link to the long chain of evidence characterizing the 
glomerular fluid as an ultrafiltrate of plasma. 


The author is most grateful to Dr. A. N. Iliehards for liis suggestions 
and encouragement in this work. 
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THE SULFUR DISTRIBUTION IN THE RIB-GRASS STRAIN OF 
TOBACCO MOSAIC VIRUS 

By C. a. knight 

(From the Department of Animal and Plant Pathology of The Rockefeller Jnslilute 
for Medical Research, Princeton) 

(Received for publication, December 14, 1942) 

The differences in biological properties which distinguish various strains 
of a virus are presumably accompanied by corresponding variations in 
structure, in chemical composition, or in both. Analyses of highly purified 
preparations of several strains of tobacco mosaic virus indicate that these 
tdruses are nucleoproteins (1). The particle shapes and sizes of these 
nucleoproteins are practically indistinguishable in the analytical ultra- 
centrifuge and in the electron microscope (1).* Moreover, the x-ray pat- 
terns of five strains indicate that they possess similar gross internal struc- 
tures and similar subunits (2). Hence it might be concluded that the 
chemical differences between strains are not great, although at least one 
example to the contrary is now known (3-5). Chemical differences may 
lie in the nucleic acid portion or in the protein component of the virus 
molecules. Analyses carried out on eight different strains of tobacco 
mosaic virus have shown that these particular strains contain equivalent 
amounts of ribose nucleic acid but that their protein components possess 
marked differences in amino acid composition (3, 4). Despite the fact 
that analyses have been made for only five amino acids, differences have 
been found in the compositions of six of the eight strains. The composition 
of the rib-grass strain differs most wdely from that of the ordinary strain, 
for, in addition to containing amounts of tyrosine, tryptophane, and 
phenylalanine which are considerably different from those of the type 
strain, the rib-grass virus contains 0.55 per cent histidine, an amino acid 
entirely lacking in the type strain and in six other strains (4). Moreover, 
the rib-grass strain contains about 3 times as much sulfur as the ordinary 
strain (5). The results of an investigation on the nature of this compara- 
tively large amount of sulfur are given in the present communication. 
Since the 0.2 per cent of sulfur in ordinaiy tobacco mosaic virus has been 
accounted for as cysteine (6-8), it was of special interest to determine 
whether the increased amount of sulfur in the rib-grass strain is all present 
as cysteine or whether some other sulfur-containing amino acid likewise 
occurs in this protein. 

* Knight, C. A., and Stanley, IV. M., unpublished data. 
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The rib-grass virus was obtained from diseased 'i’urkisli toi)acco plants 
as recently described (G). Highly purified pre^parations of virus were 
frozen and dried iu vacuo and then further dried to constant weight in an 
oven at, 110°. The white fluffy material secured was used for most of the 
analyses. Aqueous solutions of highly p>irified virus were used for the 
remainder. Four total sulfur determinations marie by commercial analysts 
yielded values ranging from 0.52 to 0.G9 per cent, with an average of 0.62 
per cent. At least a portion of this sulfur was a.ssumcd to be in the form 
of eysteine, since even mildly denatured virus gave a strongly positive 
nitroprusside test. An indication that jrart of the sulfur was present as 
methionine was obtained by means of the color test developed by Kolb 
and Toennics (9). Of eight, strains of tobacco mosaic virus tested, onlv 
the rib-grass strain gave a jmsitive reaction. 


Taiu.k I 

Distribulion of Sulfur iu Rih-Graas I'lrir.'! 


Samptc No. 

CysUinc 

1 Mclluoninc 

Sulfate 



n.icrnsttin 

titration 

Vo1.>tilc 

lo<!i(lc 

i Homo* 

I cysteine 

'NitrcprusMiIc 

method 

sulfur 


per eefit 

1 

Per eeut 

per cent 

per eent 

per eent 

per eent 

per eent 

1 

o.cs 

O.GS 






2 

O.GS 

0.70 




1 


3 


0.G9 




1 


4 


0.70 






5 


0.73 






6 



0.55 

2.0 

1.9 


0 

7 



O.GO 

2.1 

2.1 

1.9 

0 


Cysteine and il/ct/ifonfnc— Cysteine was determined in solutions of the 
virus by direct titration of the — SH groups with standard ferricyanide in 
the presence of guanidine hj'drochloride (10, S), and by a colorimetric 
method invohdng the reduction of Folin’s uric acid reagent by the virus 
in the presence of urea (11). In addition, some values for cj-steine, methi- 
onine, and sulfate sulfur were obtained by the Baernstein method as 
modified by Kassell and Brand (12). One of the samples examined by 
the Baernstein method was also analj'zed for methionine bj' the colori- 
metric procedure of McCarthy and Sullivan (13). The results of the 
analyses are summarized in Table I. 

DISCUSSION 

The cysteine value obtained by the Baernstein method was dcfinitelj’- 
lower than those obtained by the uric acid and ferricyanide determinations. 
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This can probably be attributed at least in part to the method, since it is 
known to yield low values -with pure cysteine (6, 12). No correction 
factor was used to compensate for this fact. The value of 0.58 per cent 
cysteine in the rib-grass strain corresponds quite closely to the uncorrected 
average of 0.61 per cent obtained by the Baernstein method by Ross for 
the ordinary strain (6). In addition, neither the ferricyanide titration nor 
the uric acid method as applied in the present experiments revealed any 
significant difference between the rib-grass virus and ordinary tobacco 
mosaic -varus. The latter is considered to contain 0.68 per cent of cysteine 
(6-8). These results suggest that the tw'o strains contain nearly identical 
amounts of cysteine. 

Since no sulfate sulfur -was found in the rib-grass -virus, it was assumed 
that the sulfur of this -virus is distributed bet-ween the amino acids, cysteine 
and methionine. A combination of the cysteine and methionine sulfur 
values of the Baernstein analysis yields a total of 0.58 per cent sulfur. 
Similarly, a combination of the average cysteine sulfur indicated by the 
ferricyanide and uric acid methods -ndth the McCarthy and SulUvan 
methionine sulfur gives a total of 0.59 per cent sulfur. These values 
agree -well -with the average figure of 0.62 per cent sulfur obtained by 
elementary analyses. It may be concluded, therefore, that all or essen- 
tially all of the sulfur of the rib-grass -virus has been accounted for in the 
forms of C3'steine and methionine. 

The 2 per cent of methionine found in the rib-grass -virus represents an- 
other striking difference bet-w’een this strain and seven other strains of 
tobacco mosaic -virus, for these appear to contain no methionine. While 
the rib-grass virus closely resembles the ordinary strain in size and shape, 
in immunological, serological, and gross chemical and physical properties, 
it differs distinctly from the latter in certain biological properties and 
chemically in at least five important respects. It is hoped that a correla- 
tion may shortly be made between some of the chemical and biological 
differences. 


SUMMARY 

Analysis of the rib-grass strain of tobacco mosaic -virus indicated that 
this -virus contains about 0.62 per cent of sulfur, or about 3 times the pro- 
portion found in ordinary tobacco mosaic -virus. The cysteine content of 
the rib-grass -virus, as measured by three different methods of analysis, is 
apparently the same as in the ordinary strain; i.e., about 0.68 per cent. 
However, quantitative anal 5 'ses by two different methods indicated the 
presence of about 2 per cent of methionine and qualitative tests showed 
that the rib-grass virus is the only one of eight strains -which contains 
methionine. All or essentially all of the sulfur of the rib-grass -virus has 
been accounted for in the cysteine and methionine -which the -virus contains. 
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STUDIES OF PROTOPORPHYRIN 


I. THE PimiFICATION OF PROTOPOltPHYHlN IX AS OBTAINED FROM 

HEMOGLOBIN* 

By MOISES GRINSTEINt and CECIL JAMES WATSON 
(From the Division oj Internal Medicine, Unirersity of Minnesota Hospital, 
Minneapolis) 

(Received for publication, October 10, 1942) 

Protoporphyrin is easily prepared from hemoglobin according to the 
method of Fischer and Piitzer (1). The purification of the crude proto- 
porphjTin, and especiallj' the removal of a brown-green substance which 
interferes with ciystallization of the protoporphjrin or its methyl ester, 
is relatively difficult. We have frequentlj' found it impossible to crj’-stal- 
lize the free protoporph3Tin or its methyl e.ster bj' means of methods 
hitherto described (1-3). Hamsik (2) brieflj’’ referred to a method for 
crystallizing free protoporphjTin, which we have found both simple and 
efficient. Hamsik (2) evidentlj" regarded this only as a means of recrystal- 
lizing material that was already relatively' pure, but in our experience the 
method is applicable to the crude protoporphyTin as first obtained with 
the Fischer-Piitzer method. This consists in dissolving the dry' porphyTin 
in a small amount of py'ridine and then adding petroleum ether (b.p. 30- 
60°) to the point of beginning precipitation. The precipitate is cry'stalline, 
exhibiting the habitus described by' Fischer, Treibs, and Zeile (3). The 
cry'stallization is nearly quantitative when sufficient petroleum ether is 
added and the mixture allowed to stand in the ice box. After four re- 
cry'stallizations, microanaly'sis* for C and H yielded the following re.sults. 

C„H„N 404 . Calculated, C 72.56, H 6.09; found, C 71.32, H 5.94 

The direct crystallization of the crude methyl ester of protoporphyTin 
IX from chloroform-methy'l alcohol or benzene-petroleum ether (4) is 
unsatisfactory'. In a previous study' by' Schwartz and Watson (5) it was 
found that the protoporphy'rin methy'l ester obtained from feces was 
readily purified by the chromatographic method, with Brockmann’s 
AljOa (Merck), and CHCb-petroleum ether as eluent. The method is as 
follows: 

* Aided by a grant from the Medical Research Fund of the Graduate School, 
University of Minnesota. 

t Fellow of the Rockefeller Foundation. 

* This was carried out in the micro laboratory of the Division of Organic Chem- 
islry'. University' of Minnesota. 
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The ester dissolved in chloroform is purified in tlic usnni way by washing 
with distilled water, 10 per cent, ammonia, anrl 7 per eent sodium chloride 
solution. The solution is dried by filtering tbrough CllClj-moistcned 
paper, after wbich it is concentrated to a .small volume on the water bath 
and mixed with 12 volumes of jictroleum etlier; precipitation of the major- 
ity of the brown-green impurity together with some of the protoporphyrin 
ester takes place. After a few mimitcs the i)recii)itatc is separated by 
filtration and the filtrate is passed through a column of Al;Oj (we .started 
with Brockmann’s AhOa, but have found sn!>sequently that the product 
of the Aluminum Ore Company (mesh No. 100-120) gives the same 
results).- The process can be accelerated I)j- aiiirlying a little suction but 
the chromatogi-am is more perfect and the purification is better without 
suction. The precipitate from the above filtration is redissolvcd in a small 
volume of chloroform which is then mixed with 10 volumes of petroleum 
ether and filtered as before. This filtrate is also j)assed through the same 
column of AUOa at a time when the first filtrate lias almost completely 
gone through. This operation is repealed witli increasing concentrations 
of the chloroform in the petroleum ether, 1:S, 1:0, I:*!, 1:2, 1:1, and 
finall}'' with chloroform alone. The adsorption of the entire amount of 
porphjTin and the impurities on the top of the column takes place as a 
rule during the passage of the first two fractions. With the fraction at 
a concentration of 1:8 the chromatogi-am begins to dcvcloj). A zone of 
the protoporphjTin ester, representing the purest fraction, stalls to wander 
down the column. This is eluted as the increasing concentrations of 
CHCb in petroleum ether arc passed through. At the same time a de- 
velopment of more zones occurs, representing the ester with increasing 
impurities. Finallj’' several portions have been collected, the first the 
purest and the last the most impure. Most of the brown-green substance 
remains adsorbed on top of the column. The first fractions ciystallize 
veiy easily, often spontaneously from the chloroform-petroleum ether 
during the 1st hour or on standing overnight. If a greater yield is desired, 
those fractions which do not ciystallize well combined witli the mother 
liquors of the crystals are dried in a water bath, after which the residue is 
redissolved in CHCb and petroleum ether and subjected anew to the 
chromatogi-aphic procedure. After two recrystallizations from CHCb- 
methyl alcohol, the melting point of the crystals was 223-224° (not cor- 
rected). This material -was a chromatographic entity, as is shown by 

s Recently we have found that precipitated calcium carbonate (Merck or Cenco, 
TJ.s.p.) may bo used to advantage when the original Tswott procedure with 
Zeohmeister-Cholnoky tubes (G) is used. Adsorption is effected from chloroform- 
petroleum ether, 1:10, and the chromatogram is developed with chloroform-petro- 
leum ether, 1:4. 
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redissolving it in CHCU, mixing with petroleum ether, and passing through 
2O3 as described above. Development with a 1:6 mixture resulted 
the appearance of but one zone, leaving the column above it com- 
pletely white, without pigment. The ester thus obtained is undoubtedly 
a purer preparation than that of the free protoporphyrin. 

The microanalj'sis for C and H, on this material, was as follows: 

Calculated, C 73.19, H 6.49; found, C 72.66, H 6.25 

Saponification of Ester — The ester is best saponified by allowing it to 
stand overnight in the refrigerator, in 25 per cent HCl. This is simpler 
and less destructive than the method in which sodium hydroxide and heat 
are employed. The saponification is usually complete after 5 to 6 hours. 

SUMMARY 

Improved methods of purifying protoporphyrin and its methyl ester, 
as prepared from hemoglobin, are described. 
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STUDIES OF PROTOPORPHYRIN 

11. A NOTE ON AN IMPROVED MICROMETHOD FOR CONVERTING 
PROTOPORPHYRIN TO MESOPORPHYRIN* 

By MOISES GRINSTEINt and CECIL JAMES WATSON 

{From the Division of Internal Medicine, University of Minnesota Hospital, 
Minneapolis) 

(Received for publication, October 10, 1942) 

Fischer and Kogl (1) were the first to recognize that small amounts of 
protoporphyrin are often difficult to purify sufficiently for identification, 
and that it is therefore best to convert the protoporphyrin to mesoporphyrin 
which is easily handled and whose isomer type may be identified wdth ease 
by means of melting point determination. Various micromethods for this 
conversion have been described (1-3). The improved procedure recently 
described by Schultze (3) increased the yield from the 10 to 20 per cent 
obtained with the original Fischer-Kogl method to 35 to 40 per cent. 
In brief, the method of Schultze is as follows: 

To 10 mg. of protoporphyrin dimethyl ester are added 100 mg. of ascor- 
bic acid and 2 nd. of glacial acetic acid. 0.3 ml. of HI (sp. gr. 1.94) is then 
added, and the mixture is boiled for 45 seconds. After cooling rapidlj’’, 
the solution is mixed with 50 ml. of ether, which is then washed twice with 
15 ml. portions of a 10 per cent aqueous solution of sodium acetate and 3 
per cent sodium sulfite. The ether solution is next washed with water, and 
the mesoporphyrin is extracted with small amounts of 5 per cent hydro- 
chloric acid. The extract is neutralized with sodium hydroxide and sodium 
acetate, and the porphyrin is then extracted with ether. From the ethereal 
solution the porphyrin is removed with 2.5 per cent HCl. The HCl solu- 
tion is then washed with a mixture of 2 parts of ether and 1 part of chloro- 
form. The porphyrin is precipitated from the acid solution by the addition 
of sodium hydroxide. The insoluble sodium salt is collected by cen- 
trifuging. After repeated washing with water, it is directly esterified with 
methyl alcohol saturated in the cold -with HCl gas, and the ester is then 
separated and crystallized from chloroform-methyl alcohol in the usual 
Way (1). As already noted, the yield with this procedure is 35 to 40 per 
cent of the original amount of protoporphyrin. With Rimington’s modi- 
fication (2) of the Fischer-Kogl method we have obtained a yield of ap- 
proximately 30 per cent. 

* Aided by a grant from the Medical Research Fund of the Graduate School, 
University of Minnesota. 

t Fellow of the Roehefeller Foundation. 
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In working with tlio onrlior methods of Fischer nnd Kogl as well as the 
later one of Sehultze, just dcserihed, we find tliat it is unnecessary to use 
hydriodic acid of speeifie gravity 1.01. Ilydrindie acid with a specific 
gravity of 1.50, which is much easier to obtain, is just as efficient if used in 
somewhat larger amounts. 

Two sources of loss have been noted in Schullr.e’s method. The first 
is that an appreciable amount of j)orj)hyrin is removed in washing the first 
ether with the sodium acetate-.sodium sulfite mixture. The material 
must in turn be washed with ether if this loss is to be avoided. A second 
source of loss is that a considerable fraction of mesoporphyrin is often 
not removed from the ether with 5 i)or cent or even with 10 per cent HCl. 
Furthermore, a large loss occurs when the IICl solution is washed with 
the mixture of ether and chloroform. 

With these facts in mind, the following modified ])roccdurc has been 
worked out with a resultant jdcld of approximately CO per cent. 

^[cthod 

To 10 mg. of protoporphyrin dimethyl ester arc added 100 mg. of 
ascorbic acid, 2 ml. of glacial acetic acid, and O.G ml. of III (sp. gr. 1.50). 
The mixture is boiled for 45 seconds. After cooling rapidly, the solution 
is at once mixed with 50 ml. of ethyl ether (pcroxidc-frcc); any undis- 
solved porphjTin at this stage is dissolved in a little glacial acetic acid and 
added to the ether. The ether solution is then washed twice with the so- 
dium acetate-sodium sulfite solution (sec above) and three times with dis- 
tilled water. The combined washing solutions are extracted repeatedly 
with ether. The product is combined with the main ether extract from 
which the porphyrin is then removed by repeated extraction with 5 per 
cent HCl. Occasionally a small amount of porphjTin together with a 
yellowish brown impurity remains in the ether; the mesoporphjTin is not 
adequately extracted unless 25 per cent HCl is used. A separate ex-trac- 
tion with this concentration is therefore canned out. The 25 per cent HCl 
extract is worked up separatclj’- in the same manner as is the 5 per cent. 
It would probably be satisfactory in most instances to extract directly with 
25 per cent HCl, but since this removes more impurities we have always 
used 5 per cent first, with the thought that, in any instance in which the 
amount of mesoporphjTin was relatively small and the amount of impur- 
ities large, crystallization might not be achieved at all if only a 25 per cent 
concentration was used. Except when it is desired to increase the yield 
to the utmost, the 25 per cent ex-traction may be omitted. The HCl ex- 
tracts are neutralized with sodium acetate and the mesoporphjTin is ex- 
tracted with ether. The ether is washed three times with distilled water 
(the combined wash water in turn being extracted with a few ml. of ether 
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which are added to the main ethereal extract). The ether is then extracted 
with 2.5 per cent HCl which now removes the mesoporphjTin almost quan- 
titatively. The HCl extract is neutralized with sufficient 20 per cent 
NaOH to make the solution negative to Congo red. The mesoporphyrin 
largely precipitates after a few' hours and is then collected on a small filter 
paper.' After being washed with small amounts of distilled w'ater, 
the precipitate is dried and esterified by solution in methyl alcohol 
saturated in the cold with HCl gas. After standing overnight, the ester 
is crj'stallized in the usual way from CHCh-methyl alcohol. After tw'o to 
three recrystallizations a melting point of 212-214° (not corrected) is 
observed. The yields shown in Table I have been obtained. 

In Table I no account was taken of crystals left on the sides of the tube 
or remaining in the mother liquors of the recrj’stallizations. It may be 


Table I 

Yields of Mesoporphyrin Ester Obtained from Varying Amounts of Crystalline 
Protoporphyrin Ester 


Experiment No. 

1 

Protoporphyrin methyl 
ester 

Mesoporphyrin ester 
obtained 

Yield 


mg. 

mg. 

per cent 

1 

9.5 

5.8 

61 

2 

5.5 

3.6 

65 

3 


5.9 

59 


noted, however, that in Experiment 3, 1.5 mg. of the total 5deld were re- 
covered from an ether-chloroform mixture (2:1) w'hich had been used to 
wash the 2.5 per cent HCl extract, according to Schultze’s procedure. This 
step was not included in Experiments 1 and 2. 

SUMMARY 

An .improved micromethod is described for the conversion of proto- to 
mesoporphyrin. The yield with this method is approximately 60 per cent. 
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* Small portions remaining in solution are recovered by ether extraction, after 
which the ether is concentrated to diyness and the residue is esterified. 
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The presence of free protoporphyrin in human erj^hrocytes was reported 
in 1928 bj' Hijmans van den Bergh and Hyman (1) who devised a method, 
further modified by van den Bergh and Grotepass (2), for its quantitative 
determination. The method entails extraction of the red cells separated 
from 30 to 40 ml. of blood with 100 to 150 ml. of a mixture of ethyl acetate 
and glacial acetic acid (3:1). This mixture is washed with distilled water 
and the protoporphjTin is extracted with 5 per cent HCl. After one 
purification 


HCl 


+NaOOCCH, 


until negative to Congo red 


ether 


HCl 


the porphyrin content of the final HCl extract is determined on the basis 
of the intensity of its red fluorescence. Modifications of this procedure 
have been described by Lageder (3), Vigliani and Angeleri (4), Schumm (5), 
and Seggel (6). In all of these, the principle of extraction of the proto- 
porphyrin is the same as in the original van den Bergh-Grotepass method. 
The chief difference between them is in degree of purification of the final 
HCl extract and in the physical method of estimation of the porphyrin. 
In some, the concentrations are measured bj^ means of the intensity of the 
red fluorescence, in others by means of the intensity of absorption of ultra- 
violet light (Schumm) or of visible light (Seggel). All of these methods 
have obvious limitations. Those based on the intensity of red fluorescence 
are subject to the difficulty that the amounts are often small and the in- 
tensity correspondingly weak. Under these circumstances a color match 
in the stufenphotometer, as in Lageder’s method (3), is often impossible. 
Furthermore, as Lageder points out and we can confirm, protoporphyrin 
solutions are not particularly stable when exposed for anj’- long period to 
ultraviolet light, as is often necessary' in attempting to obtain a color match 

* Aided by a grant from the Medical Research Fund of the Graduate School, 
University of hGnnesota. 

t Fellow of the Rockefeller Foundation. 
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Avitli tlic Klufonpliolomotor. As rcfjiirds .SckroI’s motliod, our experience 
inclieales thn( (lie .'unounts of i)f)rpliyrin nre rari'Ij' larj^e enough to permit 
any accuracy of incasurcim-nt of ahsorption in the viMi!)Io spectrum, unless 
very large amounts of hlood arc worked up. Wc find no objection to the 
siicctrographic nu'lhod of Schumm other than the relative inaccessibility 
of the apparatus and greater technical difTicidly and the cxiicnse of employ- 
ing it. 'J'hc measurement of the much greater absorption in the near ultra- 
violet region, according to Schumm, is clearly advantageous and is em- 
bodied in tbe method to be described. 

i;xi>KitiMi;NT.\n 

Earlier .studic.s’ relative to the determination of small amounts of proto- 
porphyrin were carried out with the Zeiss stufenphotometer. These will 
be mentioned now only because they reveal certain characteristics of proto- 
porphyrin which it is wished to record. 'J'he source of idtraviolct light was 
a small, high pressure mercury arc lamp (Mico tyiie) firmly attached to the 
front of the photometer. Tlie light was filtered through a heat-rcsi.sting, 
red-purple idtra filter. Corning No. 5S7. I'he shelf for the colls between 
the filter and the photometer was cooled by a small electric fan. A red 
fluorescent glass standard (Zeiss) of the typo used by Lagcdcr (3) was em- 
ployed in place of a standard solution. recording the fluorescence of 
this glass standard photographically, with a small spectrograph, it was 
possible to determine that no measurable change in intensity occurred after 
periods totaling about 40 houi-s of continuous irradiation at temperatures 
varying up to 50°. 

The Zeiss No. L-1 red filter was interposed in the common path of the 
light beams from the two sources. With the .stufenphotometer, it was 
found that the intensity of red fluorescence of protoporphjTin diminishes 
with increasing concentration of HCl (from 1 to 5 per cent). This is 
shown in Fig. 1. Even in 1 per cent HCl, however, the fluorescent in- 
tensity is too small for accurate measurement below 40 y per cent. The 
data are shown in Fig. 2. In addition, it was found that the fluorescence 
diminishes with increasing temperature and with continuous ultraviolet 
irradiation. These data need not be given, since the stufenphotometer is 
not used in the method described below. 

The above experiments indicated clearly that the stufenphotometer was 
not sufficient!}’- sensitive for the small amounts of protoporplijo-in present 
in the erythrocj’tes, especially when it was considered that the maximum 
fluorescence was in 1 per cent HCl, and that efficient extraction of proto- 
porphjTin from ether requires at least 2 per cent HCl. 

At the time that the above preliminary studies were completed, a more 

1 These were carried out with Dr. Iru’in Vigness of the Division of Biophysics. 
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sensitive fluorophotometer was not available. We determined, therefore, 
to measure the absorption at 407 m;i as Schumm (5) did spectrographically, 
but to use instead the Evelyn photoelectric colorimeter. The following 
method was devised and has now been in use for some time with entirely 
satisfactorj' results. 



Fig. 1. Diminishing intensity of fluorescence with increasing concentration of 
HCl (stufenphotometer). 

At least 5 ml. of red blood cells are washed twice with phy.siological sal- 
ine, after which thej^ are well homogenized with 50 ml. of a mixture of ethj'l 
acetate and glacial acetic acid (3:1). This operation is carried out 63' 
means of a glass rod in a large P3Tex test-tube, preferabl3' with a lip (30 X 
100 mm.). This mixture is then quantitatively transferred to a 150 ml. 
PjTex glass-stoppered bottle. It is shaken by hand for 1 to 2 minutes, then 
allowed to stand for 10 minutes, after which the supernatant fluid is de- 
canted through a filter paper. The residue is washed three times with 15 
ml. portions of the 3:1 mixture of eth3'l acetate-glacial acetic acid. The 
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filtrato is plucwi in a small separatory ftinncl and washed three times with 
distilled water, 'i'he eoinhined water washinps are extracted with 10 ml. 
of ethyl acetate to recover any protoporphyrin jircsent, and this is added 
to the main ethyl acetate fraction. After complete .separation of the 
water, the ethyl acetate is extracted with 2 ml. portions of 10 per cent IICl 



0 .08 .16 .24 


Fig. 2. Fluorescent intensity of v.nrying concentrations of protoporphyrin in 
1 per cent HCl (stufenphotometcr). 

until no further fluorescence is ob.scrvcd. For this purpose a carbon arc 
lamp fitted with a Corning No. 587 filter is used. The combined HCl ex- 
tract is neutralized with sodium acetate until negative to Congo red paper. 
1 ml. of glacial acetic acid is added. Tliis reduces the tendency to emul- 
sion in the subsequent e.\-traction. The solution is tlien extracted three 
times with equal volumes of ethyl ether. The combined ether extract is 
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washed once with a few ml. of 1 per cent sodium carbonate (not enough to 
neutralize the acetic acid in the ether completely). Next the ether is 
washed twice with water. Finally the ether is extracted repeatedly with 
1.5 ml. portions of 5 per cent HCl until fluorescence is no longer observed, 
which usually requires three to four e.xtractions. The HCl extracts are 
collected in a graduated glass-stoppered 10 ml. cylinder and made up to 
10 ml. with 5 per cent HCl. The solution is well mixed and the absorp- 
tion is then measured in the Eveljm colorimeter as noted below. The con- 
centration may be calculated according to the formula (.R/V) X 10 = 
micrograms of protoporphyrin in 100 ml. of cells, where R — the value 
obtained from the calibration curve as given belo-w, and V = the volume 
of red blood cells used. 

The method is equally satisfactorj' for whole blood, but will, of course, 
include any porphjTin present in the plasma. The present status of the 


Table I 

Data for Construction of Calibration Curve for Determining Protoporphyrin with 
Evelyn Photoelectric Colorimeter 


Protoporphyrin 

Galvanomclcr reading (Eve^Ti colorimeter) 

y ter cent 


11 

89> 

33 

72 

55 

60 

77 

5P 

110 

41’ 

132 

37 


plasma porphyrin is not clear. There is general agreement that the normal 
plasma is free of porphjTin (2, 5). The occurrence of coproporphyrin in 
the plasma in various diseases was reported bj^ van den Bergh and co- 
workers (7), and by Vigliani and Angeleri (4). IMore recently, however, 
Schumm (5) reported the occurrence of protoporphyrin in the plasma, al- 
beit in different tjqjes of cases than those studied bj' the previous workers. 
This problem obviously' merits further investigation. In the meanwhile, 
it is undoubtedlj' best to apply the present method to the red cells onlj'. 

As Schumm (5) has pointed out, the maximum absorption of protopor- 
phyrin dissolved in 5 per cent HCl is at 407.4 mp. This absorption is much 
more intense than any in the visible spectrum. 

The calibration cuir'e was prepared with pure protoporphyrin obtained 
from hemoglobin according to Fischer and Piitzer (8) and puidfied as de- 
scribed in Paper I of this series. The crystalline ester was weighed on a 
micro balance after which it was saponified in 25 per cent HCl and was then 
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(lilutcd with water to 5 per rent. The absorption of n s'cric-s of dilutions 
was measured witli (he No. ‘100 fdter. Tabic I includes sufTicicnt data for 
the construction of the ealibnitinn curve. 

The absorption of the (inal IK’l solution is constant for from G to 24 
liours. After 24 hours (here is alway.s a varyinp but moderate decrease, 
rarely more thmi 15 per cent of the orit^inal value over long periods (Table 

TAtti.r. H 


Stabilitt/of Protoporphyrin (Ahrorplion) in Pinnl JlCl Pxlract Ar ,tfcastjrcr! by Frdyn 

J’hotofUclric ColnriiTscter 


Ktpciimrnl No. j 

Mca^urr! ImmrtJIjlely 

j Movjrrd jiflrr 21 hr*- 

JftavjrciJ after 45 hrs. 

1 

13.1 

11.5 


2 

18.2 

15.6 1 


3 

13. fi 

11.5 i 

11.0 

•1 

15.0 

M.O 

13.7 

5 

10.0 

16.5 

15.2 

C 

21.5 

IS.O 

17.4 

7 

15.0 

15.0 


s 

17.2 

17.2 


9 

M.O 

M.O 


10 

12.5 

11.5 

11.0 

11 

10.5 

S.8 

8.8 


Tablb III 


Stability of Protoporphyrin {Fluorescence) in Final IICl Extract Measured by 

Coleman Fluorophotometer 


Experiment No. 

! Measured immediately 

J Measured after 24 hrs. 

1 

13.2 

5.8 

2 

IS. 7 

7.4 

3 

18.0 

7.1 

4 

15.0 

G.O 

5 I 

16.0 

7.5 

6 ! 

12.0 

I 4.5 

7 

18.2 

8.0 


II). On the contrary, measurement of the concentration by means of the 
fluorophotometer (see below) has shown, in agreement with the findings of 
Lageder (3), a maihed decrease in the intensity of the fluorescence on stand- 
ing; after 24 hours the decrease is more than 50 per cent even when the 
solution is kept in tlie dark (Table III). It is evident that the protopor- 
phyi'in undergoes some molecular change in which the absorption at 400 
mp remains practicall}'- the same, while the fluorescence diminishes mark- 
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edty. Solutions of pure protoporphyrin are much more stable; we have 
noted no deterioration of absorption with the Evelyn colorimeter within 
3 daj's, nor of fluorescence, with the fluorophotometer (see below) within 
24 hours. These, of course, were subjected to ultraviolet light only long 
enough to obtain a reading, which is a matter of but a few seconds with 
the fluorophotometer. 

Specificity of Absorption — In order to be sure that the absorption at 400 
rap in the Evelyn colorimeter is due only to protoporphjTin, we compared 
the results obtained with the Evelyn instrument with those obtained by 
measuring the intensity of fluorescence with the fluorophotometer (Cole- 


Table IV 

Comparison of Fluorescence and Absorption Intensities of Final Protoporphyrin 


Solutions from Various Samples of Blood 


Experiment No. 

Concentration of protoporphyrin, y per 100 ml. blood 

Evelyn photoelectric colorimeter 

Coleman fluorophotometer 

1 

11.0 

11.0 

2 

10.5 

11.0 

3 

9.2 

9.2 

4 

31.7 

32.1 

5 


9.2 

6 

13.4 

13.2 

7 

12.9 

13.2 

8 

18.2 

18.7 

9 

17.0 

18.0 

10 

13.0 

13.0 

11 

12.0 

12.0 

12 

18.5 

18.2 

13 


10.0 

14 

1 93.3 

91.1 


man) with the lamp filter No. B-2 and the photocell filter No. PC-2 but 
without the No. 032 amber filter. The photocell in this apparatus is not 
as sensitive in the red- as in the yellow. Nevertheless, the arrangement 
was satisfactory for the purpose desired, since we simply udshed to obtain 
a series of comparative values between absorption and fluorescence. If 
these values had been found to differ significantly, it might have been 
assumed that interfering compounds were present. This was not the case, 
however, as proved by the agreement of the data presented in Table I^'’. 
The data used in constructing the fluorophotometric curve are given in 

_ ’ Recently we have found the Klett fluorophotometer to be much more sensitive 
the red and correspondingly more satisfactory. 
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Tal)lo 'I’o olitiiin ihcm, jnirc sohifioiis wen; einpioyecf whose concen- 
Imtion was detennined hy lueatis of the ICvelyn coloriinelor, asdcscribcd 
above. 'I’lie relative sen.«itivity of tlie C^deinan (liinrophotonicter was 
fixed witii a standard sohition of (piinine snlfat*' eonfaininp; 0.3 mf;. per 
liter in 0.1 N snlfmie arid. We adjusted the sensitivity of the apparatn.s to 
a galvanometer defleetion of 00, tisinp the (|uinine .solution and the filters 
mentioned above. In ealenlatinK the amount of jirotoporphyrin in the 


TAiit.r. V 

Dalajor Conatnirlion of Citlihnttioii Curie for Drtrnninitif; I'ntlnjinrpJujrin for Coleman 

riuorophnliimrtrr 


rrotnjv»rptiyrin 

1 Gx!v.inomctff tf.ifiinr; (Colfnan fliiorophotomctcr) 

7 [•er cent 

1 

5.0 

5.0 

13.5 

12.0 

23.0 

10.0 

35.0 

27.0 

50.0 

.31.5 

00.0 

3S.3 

73.0 

•12. S 


T.M1I.K VI 


Comparison of Effect on I’rotoporphiirin Content of lirief and Prolonijcd Shaking during 
Primary Extraction of Red RIood Cells 


Experiment No. 

Vrotoporphyrin 

Shaking 2 min. 

j Shaking 2 hrs. 


7 ftr cent 

7 frr eenl 

1 

31.2 

30.0 

2 

38.0 

35.0 

3 

41.0 

40.0 

4 

32.0 

27.5 

5 ! 

37.5 

32.3 

c ! 

13.0 

12.0 


red cells, the same formula was used ns is given above for the Evelyn photo- 
electric colorimeter. 

In the method described above, the preliminary treatment leading up to 
the colorimetric determination has been altered from that of the original 
van den Bergh-Grotepass procedure with respect to the time of shaking the 
blood and ethyl acetate-glacial acetic acid mixture. The reason for this 
change is as follows: 

In van den Bergh's method the mixture is shaken for 2 hours. As 
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shown in Table VI, this is unnecessar}- and in fact undesirable; better yields 
are obtained with only brief shaking; during the prolonged shaking some 
of the protoporphjTin is probably destroyed. 

The purification of the first HCl extract, as in the method of x^an den 
Bergh and Grotepass, has been retained for the following reasons. The 
first HCl extract contains traces of hemin and some opalescence; the 
amount of both varies from one determination to another. The opales- 
cence in the HCl extract increases when the ethjd acetate-glacial acetic 
acid filtrate is not extracted immediately. Both hemin and opalescence 
cause an increased absorption at 400 m/i. In accordance xvith van den 
Bergh’s procedure xve therefore purify further by taking the porphjTin 
into ethyl ether and then extracting it with 5 per cent HCl, thus obtaining 
a clear and colorless solution. Seggel (6) states that a second extraction 
entails a considerable loss of porphjTin. We have found, however, that 


Table VII 

Recovery of Proloporphyrin Added to First HCl Extract {10 Cc. Volume) 


Experiment No, 

Protoporph^Q 
in blood 

Protoporphyrin 

added 

Concentration 

found 

Concentration 

caloilated 

Recovery 


y per ctnl 

y 

y per cent 

y per cent 

per cent 

1 

15.5 

0.41 

19.3 

19.6 

98.5 

2 

15.5 

0.82 

23.9 

28.7 

103.4 

3 

10.5 

0.65 

16.5 

17.0 

97.1 

4 

10.5 

1.30 

24.5 

23.5 

104.2 

5 

23.1 

0.90 

21.8 

22.1 

98.6 


when pure protoporphjrin is added to 5 per cent HCl the recoverj^ is prac- 
tically quantitative. This is also true when pure protoporphjTin is added 
to the first HCl extract (as derived from blood samples). The data are 
shown in Table VII. 


Comment 

The present investigation provides a relatively simple and accurate 
method for the quantitative estimation of the non-hemoglobin protopor- 
phyrin in the erythrocytes. This method was needed in order that further 
studies might be made of the occurrence of this protoporphjTin under nor- 
mal and pathological conditions. Reticulocjtes were shown bj^ Watson 
and Clarke (9) to be relatively rich in protoporphjTin. Seggel (6) beliex'es 
that the protoporphyrin is contained in the “fluorescjtes” and that these 
ceUs are not identical with reticulocydes. Obviously' further studies of 
this problem are needed and these will require a method such as is herein 
described. 
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I^Iclhocls firo closcrihcd for the quantitjitivn tint orinitmt ion of the non- 
hemoglobin protoporphyrin in the ('rythroeyle.s. The van den Bergh ex- 
traction procedure is employcKl with the exceiition that the time of shaking 
is much shortened, since it has been shown that prolonged sliaking results 
in some loss. 'I'lic ammmt of jjorphyrin in the final IlCl extract may be 
determined either by jneasurement of absorption in the photoelectric 
colorimeter (No. -100 filter) or of fluore.sci'nce in the fluorophotometer. 
The excellent agreement obtained with these methods is regarded as proof 
of adequate purification of the final solution. 
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(Received for publication, December 10, 1942) 

Although the isolation of nuclei of various types of cells dates back to 
the work of Miescher (1) who in 1868 isolated pus cell nuclei by a rather 
drastic method, little work has been published in more recent times on 
the preparation of nuclei by chemical methods sufficiently mild to leave 
the proteins and enzymes undenatured. 

The work of Crossmon (2), Stoneburg (3), and Marshak (4, 5) has made 
it possible to obtain nuclei on a relatively large scale from normal rat liver 
cells or from rat tumor cells, in a pure state as far as separation from cyto- 
plasm is concerned. Such preparations are very satisfactory for use in 
work on materials sueh as lipids or nucleic acid and acid-resistant nucleo- 
proteins, but they are of no use for enzjnne studies or for work wth sensi- 
tive proteins, since the methods of preparation all involve such a low pH 
that in general enzymes and proteins must be denatured. 

Since the work of Warburg (6), nuclei of bird erythrocytes have been 
available in relatively pure condition, but little if anything has been pub- 
lished on enzyme studies of these nuclei. Two new preparations of nuclei 
of bird erythrocytes are those of Laskowski (7) and Lan and Dounce.* 

Zittle and Zitin (8) recently have isolated nuclei of mammalian sperma- 
tozoa and have investigated the cytochrome oxidase activity of the nuclei. 
Evidently nothing has been done on the enzymes of isolated nuclei of fish 
spermatozoa, which have been available for a long time (9, 10). 

Nuclei of egg cells such as those of Arbacia punctulafa can be prepared 
by a special centrifugation technique worked out by Harvey (11) and Har- 
vey (12). Boell, Chambers, Glancjq and Stem (13) have investigated the 
cj’tochrome oxidase activity of the two half cells. The results of their 
Work are included later in this paper. 

Behrens and collaborators (14) have published a method for separation 
of nuclei from cereal germ cells, but in this case studies were made only 
on the types of nucleic acid present in cytoplasm and nucleus. Behrens 
has also been able to obtain nuclei from hepatic cells (15). The liver tissue 
IS frozen and dried in the frozen state, followed by grinding and suspending 
m a carbon tetrachloride-benzene mixture. This suspension is centrifuged 
and the nuclei are concentrated in the bottom layer of the centrifuge tube. 

* Lan, T. H., and Bounce, A. L., unpublished data. 
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Iklii'ons roporls llmt. Ihf miric.'ir rotirrMfruIr ohfainrd in tliis \vft\- contains 
iioni'Iy ns liip;Ii n (’oiironlrntidii of arf^iiinso as docs tlio upper cytoplasmic 
layer, wliih* I lie eoiiei'iitralion of lipase iti the nuclei is small compared to 
that, of the eytophisin. 

Aiiplieation of the method of Uehrens to the preparation of thymus cell 
nuclei hy Mayer (10) does not seem to have yielded pure undamaged nuclei. 

It .should he noticed that, hy the method of Ilehrens nuclei arc not pre- 
pared in undamaged condition, .since the lipiti must have been extracted 
to a considerahlc extent. 

Lnzarow (17) has reported the i.solafion of cell nuclei of puinca pip liver 
hy forcing a finely ground liver .su.spension through bolting .silk, hut details 
arc not given. 'J'he o.xygen consumption of the nuclei, when varioins snb- 
.stratc.s were used, was studied. 

Preparation of nuclei hy micro di.sseetion methods doe.s not yield cnoiigli 
material for extensive chemical investigation. 

In the following i)aragraphs tlicre will he described a method for pre- 
paring cell nuclei of normal rat liver, which is believed to leave the enzymes 
and protcin.s undamaged. An account also will he given of the enzymes 
of these nuclei which .so far have been investigated. 


KXPKIUMHNT.Vn 

Preparation of N'ucici — A mixture of roughly equal parts of cracked ice 
and distilled water- is made up to a volume of 500 cc., and 1.05 cc. of molar 
citric acid arc added. This mixture is placed in a Waring hlcndor or other 
suitable high speed mi.xer, and 100 gm. of frozen rat liver arc added ns 
rapidly as possible without stalling the blcndor. (The liver is frozen by 
placing it in the refrigerator unit, and it should be used as soon as it is 
frozen.) Wlien all of the liver has been added to the mixer, it may be 
necessary to break up the mass of ground ice which accumulates at the top 
of the liquid and prevents proper mixing. 

One now nms the mixer until all of the ice has melted. This should 
require about 10 to 15 minutes, depending upon the room temperature and 
the mixer employed. Then the finely divided material is strained by 
gravity through two layers of fine cheese-cloth containing about 20 threads 
per cm. As soon as the first piece of cheese-cloth is clogged, it is removed 
and a fresh piece is substituted. This is continued until all of the material 
has been strained. The cheese-cloth that has been used in this process is 
squeezed out and the liquid is collected in a separate beaker and is passed 
through fresh cheese-cloth into the already strained material. In this 

2 We have been unable to separate nuclei using physiological saline instead of dis- 
tilled water. Mirsky and Pollistcr (18) have indicated that more than CO per cent of 
the protein of a liver cell can be extracted by Ringer’s solution without destroying 
the main outlines of cell structure. 
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way losses are cut to a minimum. The whole process of straining is then 
repeated with four layers of cheese-cloth instead of two. This time the 
straining proceeds wthout difficulty. 

Next, the strained suspension is placed in 250 cc. centrifuge tubes and 
is centrifuged in an ordinary centrifuge for 20 minutes at a speed between 
1500 and 2000 r.p.m. The speed is not critical. The nuclei, together Avith 
much cytoplasmic material, are thrown down. The supernatant is de- 
canted to the point at which the first line of demarcation between super- 
natant and loosely packed sediment can be seen, and the supernatant is 
discarded. Care should be taken not to lose much of the loosely packed 
sediment. Now the sediment is stirred very thoroughly with enough dis- 
tilled water to make a total volume of appro.ximately 400 cc. Caprjdic 
alcohol may be added to break foam. If necessary the material may be 
stirred in the blendor for a few seconds to break up lumps, although this 
procedure introduces foam. Follo^ving this, the suspension is centrifuged 
in 250 cc. centrifuge tubes for 15 minutes. Much less loosely packed 
sediment will now be found in the bottom of the centrifuge tubes. The 
supernatant is discarded, leaving the packed and loosely packed sedi- 
ment, which is stirred with about 400 cc.of distilled water and is centrifuged 
for 10 minutes in 250 cc. centrifuge tubes in an ordinary centrifuge. The 
sediment, which at this stage consists largely of nuclei, is washed with 200 
cc. of distilled water, and Ls centrifuged at moderate speed (1000 to 
1500 R.p.jf.) for 5 minutes. The supernatant is discarded. The nuclei 
are now stirred with 200 cc. of distilled water, and are centrifuged at 
lower speed than before and for only 3 minutes. In this way most of the 
particles finer than nuclei are left in suspension. The washing with 200 
cc. of distilled water and centrifuging for 3 minutes are now repeated 
tMce. Before the last centrifugation it is of advantage to pass the sus- 
pension of nuclei through four layers of cheese-cloth. 

Now the nuclei are well stirred \vith about 100 cc. of distilled water, and 
are allowed to stand in a 100 cc. cylinder for 45 minutes. The first 95 cc. 
of liquid, which contain most of the nuclei, are carefully decanted from 
the bottom 5 cc. which contain w'hole cells which have escaped being 
broken. This bottom layer is discarded. The nuclei are recovered from 
the first 95 cc. by centrifugation and are suspended in a small amount of 
distilled water. The final preparation is of a light reddish brown color. 
This color is caused by the presence of a small amount of adsorbed hemo- 
globin, the removal of which w'ill be discussed later on. 

Discussion of Method — The method depends largely upon the adjust- 
ment of pH to a value between 6.0 and 6.2 by means of si/475 citric acid. 
Much of the work of breaking the cell membranes is done by the blendor. 
It is not known whether other acids can be substituted for citric acid. 

Nuclei prepared by this method come from several types of cells, but 
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l)rin('ip!illy from lirimtic. (-('IIh, sinro thm- crll'; prrdominafc in whole liver. 
A roptT.'^(’nl!ilivo sninplc of I hr niirlri, f)liolof;rapli('(l without .staining, is 
shown in I'ig. 1. 

It is possible to bre;ik the erlls at n pll of O.o or higher if one u.sc.s dis- 
tilled water or very dilute sodium hexametaphosphate .solution, but in 
siudi eases the nuelei themselve.s are rafiiflly di>inlegrated before they can 
be centrifuged olT. This doe.s not oeeur when purified nuclei arc tre.ated 
in this manner. On the other hand, if one emidoys j)!! values from 4.0 
to 5.9, the eytoplasmie granules agglutinate so eoriipleteK’ that they pack 
into a solid ma.ss on centrifugation. Separation of nuelei from such a mass 
of agglutinated granules is (ir.aetieally impo-sible. If one use.s a pll of 



Fig. 1. Photograph of isolated cell nuclei of rat liver. Unst.aincd preparation. 
X 1170. 

3.8 to 4.0, beautiful nuclei can be prepared, but this pH is so low that en- 
zymes and proteins sensitive to acid must be partly or entirely destroyed, 
although the enzymes esterase and catalase do survive this treatment at 
least in part. 

Enzymes of Isolated Nuclei — The main purpose of the following enzyme 
determinations has been to compare the activities per dry weight of en- 
zj^mes in the isolated nuclei with the corresponding enzyme activities per 
dry weight of xvhole tissue. It should be kept in mind that even if the 
concentration of a particular enzyme in the nucleus is as great as its con- 
centration- in whole tissue, the total amount of enzyme present in the 
nucleus must be a relatively small fraction of the total amount present in 
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the cell, since the nucleus makes up only about 6 per cent of the total 
volume of a hepatic cell. 

All of the following cnzjTOe determinations, \vithout exception, have 
been carried out at 25°. 

Arginasc — This enzyme was determined, somewhat roughly, as follows; 
To 1.0 cc. of 1 per cent arginine carbonate (I form), there was added 0.1 
cc. of a suspension of nuclei or whole tissue. For nuclei the concentration 
of the suspension on a drj' weight basis should be about 25 to 30 mg. per 
cc., and for whole liver about half this value. The mixture was incubated 
at 25° for a known length of time varying from 15 to 30 minutes. The re- 
action was stopped by adding 1.5 cc. of glacial acetic acid. Then 1.0 cc. 
of appro.ximately 5 per cent xanthydrol in ethyl alcohol was added and the 
mixture was shaken and allowed to stand for at least 2 hours with inter- 
mittent shaking. The precipitated dixanthylurea was centrifuged down, 
washed tvice vith 50 per cent acetic acid, twdce with water, and then was 
transferred to a crucible, dried in the oven at 100°, and weighed. The 
arginase activity per dry weight of nuclei or whole tissue was measured 
by calculating the monomolecular reaction velocity constant K and dividing 
this by the dry weight of the tissue employed in the determination. The 
reaction as carried out above appears to be approximately monomolecular 
until half the substrate is used up. The pH of arginine carbonate is suffi- 
ciently high to make the addition of buffer unnecessarj’’ in a rough deter- 
mination, as long as care is taken not to hydrolyze too much of the sub- 
strate. 

By this procedure, the activity of arginase per dry weight of nuclei was 
found to vary from 40 to 50 per cent of the activity per dry weight of 
whole tissue. The value of K per gm. of dry weight averaged around 1.5 
for nuclei and around 3.5 for whole liver. The addition of manganese 
salts to the nuclei did not increase their arginase activity appreciabty. 

Catalase — This enzyme was found to be almost lacking in activity in 
isolated nuclei, although the method of preparing the nuclei did not injure 
the catalase of the cytoplasm. Manometric technique was employed in 
the determination, since too small an amount of catalase is present in 
nuclei to be determined satisfactorily by the titration methods. 1.5 cc. 
of 0.01 N HjOj in xi/150 phosphate buffer of pH 6.8 were used as substrate, 
and to this was added in Warburg flasks 0.5 cc. of a suspension of nuclei 
or diluted whole liver suspension. The determination was carried out at 
25°. The ratios of the initial slopes of the o.xygen evolution curves were 
used in calculating the ratios of the activities. The results of a deter- 
mination are shovm in Fig. 2. The ratio of the activity of catalase per drj' 
weight of whole liver suspension to its activity per dry weight in nuclei 
vas found to be in the neighborhood of 2000: 1. 
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It seems vciy unlikely that catalase, which according to its prccipitabil- 
ity with ammonium sulfate and organic solvents must be more insoluble 
than arginasc, should be washed out of the nuclei in the process of isolating 
them, while arginasc should remain. 

Cytochrome Oxidase ^ — Tlie cytochrome oxidase activity of cell nuclei of 
fresh rat liver can be demonstrated qualitatively with p-phcnylenediamine 
as substrate if one adds a little cytochrome c solution. Manomctric meas- 
urements of the increase in oxygen consumption in the presence of added 
C3^tochromo c, with hj’droquinone as substrate, showed that the nuclei 
possess cytochrome oxidase actix^it}'. This nctivitj- is greatlj’ diminished 
or abolished bj'' the addition of buffered HCN. For isolated nuclei, these 
manometric measurements indicate that the activity of c.vtochromc oxidase 
per drj’- weight of nuclei is at least 50 or 60 per cent of the activit}' of this 
enzjmie per dri' weight of whole liver susiicnsion, when allowance is made 
for the fact that the cj'tochromc oxidase activitj' of isolated nuclei, kept 



Fig. 2. Determination of catalase in isolated nuclei. Upper curve, 0.033 mg. of 
liver suspension, dry weight; lower curve, C.2 mg. of nuclei, dr^- weight. 1.5 cc. of 
0.01 N H 2 O 2 in m/ 150 phosphate buffer, pHG.S, plus 0.5 cc. of liver or nuclei suspension. 

in the ice box at about 3°, falls off logarithmicallj’' at a rather high rate; 
so that for example at 24 hours about 24 per cent of the calculated initial 
activity has been lost. The decaj"- of the enzyme activity of course maj" 
be higher than this during the time that the nuclei are being prepared. 

In Fig. 3 the results of a typical determination of eytochrome oxidase in 
isolated nuclei are plotted graphicalljL The method of Brown and God- 
dard (19) was employed, with a pH of 6.8. The temperature was 25°. 
This gives somewhat lower values for oxj'gen consumption than are ob- 
tained at pH 7.4, but the base-line is so much lower that the determination 
is more satisfactorjL Fig. 4 slioivs two eurves for the rate of decay of 
cytochrome oxidase of tivo different preparations of isolated nuclei kept in 
the ice box at about 3°. As can be seen, the deca}’- curve maj' vaiy some- 
what from one preparation of nuclei to another. 

’ We wish to thank Professor D. R. Goddard of the Department of Botany for im- 
portant advice and the gift of a considerable amount of eytochrome c which was used 
in carrying out experiments with cj'toohromc oxidase. 
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It might be added at tliis point that the QO; for nuclei alone suspended 
in 0.05 M phosphate buffer at pH 6.8 is negligible In isotonic phosphate 
buffer at pH 7.4 the QO* is about 0.6 c.mm., and in distilled water about 
1.0 c.mm. 

In Arbacia eggs, Boell, Chambers, Glancj', and Stem (13) found a slightlj- 
different distribution of cytochrome oxidase than that reported above. 
They state that the increase in oxj’gen consumption upon the addition of 
p-phenylenediamine Ls somewhat greater for the lighter, nucleus-containing 
halves of the cell than for the heavier pigmented halves. Stem (20) has 




Fro. 3 Fig. 4 

Fig. 3. Cytochrome oxidase of whole liver and isolated nuclei. V, 10 mg. of whole 
liver suspension, dry weight, immediately after death of the animal; O, 11 mg. of 
isolated nuclei, dry weight, 7 hours after death of the animals; A.o.xygen consumption 
of hydroquinone-cytochrome c without added liver suspension or nuclei. 1.0 cc. of 
0.02 It hydroquinone in 0.1 M phosphate buffer, pH 6.8, plus 0.5 cc. of 0.0005 si C 3 'to- 
chrome c, plus 0.5 cc. of liver suspension, nuclei, or water. 

Fig. 4. Decay of cytochrome oxidase in tsvo different samples of isolated nuclei, 
^ about 3°. Ao = extrapolated initial activity at zero time. 

reported that the cytochrome oxidase activity of heart muscle suspensions 
is associated ttith granules ranging from 50 to 196 mp in diameter, which 
presumably come front cytoplasm. 

The recent work of Zittle and Zitin, already mentioned (8), shows that 
the concentration of cytochrome oxidase in bull spermatozoa tails is about 
24 times its concentration in the nuclei of the spermatozoa, and that the 
concentration of this enzyme in the mid-pieces is about 12 times its con- 
centration in the nuclei. 

Esterase — Semiquantitative determinations have been made by adding 
0.1 cc. suspensions of whole tissue or nuclei to 5 cc. of water containing 
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0.1 cc. of molar aminonia-amnionium chloride bufTcr of pll 8.9, 0.2 cc. of 
methyl butyrate, ami 2 drops of 0.0-1 per cent phenol red, and noting the 
length of time necc.ssary for the indicator to become completely yellow at 
25°. In this way the activity of esterase per dry weight of nuclei was 
found to average about 50 per cent of its activity per dry weight of whole 
liver suspension. 

Apoenzyme of Lactic Acid Dehydrogenase* — This enzyme was present in 
nuclei, which showed an activity jicr dry weight of about 40 per cent of 
the corresponding activity of whole liver suspension. The Thunberg 
technique was employed with 2 per cent df-sodium lactate as substrate, 
buffered to ])1I 7.0 with phosphate bufTcr, and with mcthj’lcnc blue as 
hydrogen acceptor. It was also necessary to add a small amount of co- 
enzyme I from yeast, since without this the nuclei showed negligible activ- 
ity. In determination of the activitj' of whole liver suspensions, e.vcess 
coenzyme I also was added, since this was found to increase the activity 
of these suspensions matcrialljL The coenzyme by itself had no measur- 
able dehydrogenase activity. 

Alkaline Phosphatase — This enzyme is the only one so far investigated 
which appears to be present in nuclei in higher concentration than in whole 
tissue. The substrate employed in the determinations was disodium 
phenyl phosphate in sodium barbiturate according to the method of King 
and Armstrong (21). The reaction as carried out was found to be of the 
zero order. The pH of the determination was about 9.45. The results 
were expressed in mg. of phenol liberated per mg. of tissue per hour. The 
activity per diy weight of alkaline phosphatase in isolated nuclei was 
found to average about 92 per cent higher than the activity of this enzyme 
per dry weight of whole li\'er suspension. Blanks were incubated for the 
same length of time as specimens to which enzyme was added. 

Acid Phosphatase — Here the substrate employed again was disodium 
phenyl phosphate. The use of this substrate in determining serum phos- 
phatase is discussed by Gutman and Gutman (22). After addition of the 
phenol reagent and filtration of the precipitated protein, the quantity of 
sodium carbonate added before the mixture was heated to develop color 
was adjusted so that the same color intensity per mg. of phenol was ob- 
tained in the acid phosphatase determinations as in the alkaline phospha- 
tase determinations. 

The activity per dry weight of acid phosphatase in nuclei was found to 
be only about 25 per cent of the activity per dry weight of this enzyme in 
whole liver suspension. The ratio of acid phosphatase activity to alkaline 

■* We are indebted to Professor J. B. Sumner of Cornell Universitj’ for a sample 
of yeast codehydrogenase I which was used in determining the apoenzyme of lactic 
acid dehydrogenase. 
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phosphatase activity in the isolated nuclei was found to be about 1.5. 
This is much lower than the ratio of the activity of acid to alkaline phos- 
phatase in whole rat liver. Greenstein et al. (23) reported the latter ratio 
to be about 6.2:1, presumablj' for Osbome-Mendel rats. We have found 
ratios as high as 13:1 for Wistar strain rats. We have not attempted to 
activate alkaline phosphatase in any manner in any of these determinations, 
but have analyzed the suspensions as soon as they were made. The addi- 
tion of toluene-ethjd acetate mixture to the whole tissue suspension, which 
was ground in a homogenizer that completely disrupted most of the cells, 
did not result in any increase in activity of the enzyme. 

One factor that might influence the ratio of the activity of acid to 
alkaline phosphatase in nuclei is the fact that although suspensions of 
whole nuclei were used in determining both alkaline and acid phosphatase, 
the high pH used in determining the alkaline phosphatase caused disrup- 
tion of the nuclei, so that possibly more complete dispersion of the enzyme 



Fig. 5. Alkaline and acid phosphatase values for whole liver and isolated nuclei; 
dry weight basis. A = alkaline phosphatase in isolated nuclei; B = acid phospha- 
tase in isolated nuclei; C = alkaline phosphatase in whole tissue; D = acid phospha- 
tase in whole tissue divided by 10. Arrows indicate average values. 

resulted than in the determination of acid phosphatase. In the latter de- 
termination the nuclei are not broken at the pH employed (5.0), and the 
reaction velocity may be influenced by the rate of diffusion of the sub- 
strate into the nuclei. 

Fig. 5 shows the results of some of our phosphatase determinations ex- 
pressed in mg. of phenol liberated per mg. of dry weight of tissue per hour, 
when 5 cc. of 1.1 per cent disodium phenyl phosphate, 5 cc. of buffer solu- 
tion, and 0.1 cc. of enzyme suspension were incubated at 25°. For alkaline 
buffer, 2.3 per cent sodium barbital was used, and for acid buffer, 0.4 m 
acetate buffer of pH 5.0 was employed. It is of interest that Willmer 
(24) has reported that the chromosomes of dividing cells in tissue culture 
give a strongly positive phosphatase test. 

Succinic Acid Dehydrogenase — This enzyme is generally found to be diffi- 
cult to separate from cytochrome oxidase. Stem for instance (20) found 
that the activity of succinic acid dehydrogenase of heart muscle suspen- 
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sions was associated with particlcs.ranging from 50 to 190 m/i in diameter, 
whicli also carried cj’tocliromc oxidase activity. 

With the Tlmnbcrg technique, ns well as with the Warburg technique 
with added cytochrome c, the activity of succinic acid dehydrogenase of 
isolated cell nuclei of rat liver was found to be negligibly small or lacking 
entirely, although the cnzj'mc could casili' be demonstrated in the original 
supernatant solution after the nuclei were centrifuged down. This result 
is the opposite of the findings of Lnzarow (17) who has reported that the 
increase in oxj'gen consumption of cell nuclei of guinea pig liver in the 
presence of succinic acid was greater than the corresponding increase for 
whole tissue. 

Preparation of Protein Extract from Nvclci — Much of the protein of the 
nuclei will di.ssolve in 5 jicr cent sodium chloride sohition at pll G.O to G.3, 
leaving a residue which must be centrifuged down at about 15,000 ii.p.m. 
in a centrifuge with a high speed attachment. This residue contains the 
bulk of the nuclear lipid, and still contains some nucleic acid. Protein 
also is present. The clear protein extract contains considerable nucleic 
acid and a small amount of hemoglobin which has been adsorbed by the 
nuclei. On standing in the ice box for some time, part of the protein of 
the extract precipitates. Protein also can be preciiiitated, together with 
nucleic acid, by dialysis or by acidification to pH -1.5 to 5.0. This protein 
extract has not yet been investigated to determine whether it contains all 
of the cnzj'-mcs so far found in the nuclei, but it docs contain the apoenzyme 
of lactic acid dehydrogenase and esterase and no doubt contains most of 
the others. 

Preparation of Nucleic Acid from Nncici — A samjjlc of the protein extract 
described above was dialyzed for 18 hours against veronal bufTcr of pH 
8.5. A precipitate which formed was centrifuged off. On treatment with 
5 per cent sodium chloride solution part of this precipitate went into solu- 
tion. The high speed centrifuge was then used to remove the insoluble 
residue of denatured protein, and the clear supernatant was added to 2 
volumes of alcohol. A fibrous precipitate of crude sodium dcsoxjTibonu- 
cleate which formed was centrifuged ofT and was dissoh^ed in a small 
amount of saturated sodium chloride solution and was again centrifuged 
in the high speed centrifuge. The clear supernatant was again precipitated 
by alcohol. The precipitate was dissolved in a small amount of water and 
the alcohol precipitation was repeated twice. The sodium deso.xyribonu- 
cleate thus obtained gave a highlj’- viscous solution in water in a concentra- 
tion of 0.3 to 0.4 per cent. This solution showed stream double refraction 
and gave a strong Dische reaction with diphenylamine. The absorption 
spectrum in the ultraviolet region was determined spectrographically 
by Dr. L. T. Steadman of the Department of Radiology. The absorption 
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spectrum, sho^^’Il in Fig. 6, indicated that the material was relatively free 
from protein. With an approximate figure for the dry weight per cc. of 
the material obtained b 3 ' drjdng 0.5 cc. of the solution, which had not been 
dialyzed, an absorption coefficient of about 1.8 was ealculated, with the 
concentration expressed in gm. per cc. and the path length in cm. 

The value of the absorption coefficient of a sample of thymus sodium 
desoxyribonucleate prepared in this laboratorj' according to Hammarsten 
was found to be 2.1. When the two solutions of sodium desoxj'ribonu- 
cleate were adjusted in concentration so that the intensity of the absorp- 
tion at 2600 A. was the same, the material prepared from the isolated nu- 
clei gave a Dische reaction, measured in the photoelectric colorimeter, 
which was about 10 per cent higher than the intensity of the Dische reac- 
tion given by the thymus nucleic acid. More work would be necessary 
to determine the exact cause of this difference. 



• MU 

Fig. 6. Ultraviolet absorption spectrum of sodium deso.xyribonucleate from iso- 
lated nuclei. Concentration, 0.0023 per cent approximately; path length, 5 cm.; 
absorption coefficient, l.S approximately, with concentration in gm. per cc. and path 
length in cm. 

Removal of Hemoglobin from Nuclei — The nuclei as prepared by the 
method described in this paper are light reddish brown in color, owing to 
the presence of a small amount of adsorbed hemoglobin. This hemoglobin 
can be removed largely by one washing with Ringer’s phosphate solution 
at pH 7.4, and entirely by two washings. However, Ringer’s solution 
causes the nuclei to shrink and extracts relatively large amounts of protein 
even in the third washing. Onlj"- a trace of nucleic acid appears to be e.x- 
tracted. After three washings with Ringer’s solution, the nuclei still show 
strong reactions for most of the enzjnnes investigated. Cj'tochrome oxi- 
dase appears to be increased slightly; acid and alkaline phosphatase, 
esterase, and arginase are relatively unchanged, and lactic acid dehj'dro- 
genase is still detectable but considerably diminished. 

Total Lipid of Nuclei — The total lipid was determined bj' extracting 
samples of nuclei, dried by the Ijmphile process, in a small continuous ex- 
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tractor wth a mixture of 3 parts of alcoliol to 1 part of ether, and weighing 
the extracted lipid after evaporation of the solvent. I'wo determinations 
of total lipid on different samples of miclei gsive 10.7 and 10.8 per cent. 
Further extraction of the nuclei with chloroform-methanol mixture did not 
remove any more lijiid. The lipid of the nuclei appears to he unstable, 
since it quickl}' develops an odor of rancidity. 

niscussioN 

Table I gives a summary of the results of the inve.stigation of enzymes 
of isolated cell nuclei of rat liver. From these results it seems clear that 
the nuclei contain several enzymes, at least, in relatively high concentra- 

TAnt.r. I 

Enzymes of Isolated Cell Euclci of Rat Liver 

Frc^cncc nr .Oiirnce 
in nucleus 


Pre.scnt 
Extremely low 
Present 

(I 
It 
<1 
II 

Very low or absent 
Absent 

Extremely low or 
absent 

Low or absent (7) 

tions. If one wishes to calculate roughly the percentage of the total 
amount of cellular enzyme that is present in the nucleus, data obtained by 
Marshak (5) for the ratio of the nuclear volume to the total cell volume can 
be used. For hepatic cells this was found by Marshak to be about G: 100. 

The results of washing the nuclei vdth Ringer’s solution at pH 7.4, which 
would be expected to elute adsorbed protein and which indeed does elute 
adsorbed hemoglobin but fails to remove the enzymes, show that it is very 
unlikely that the enzymes found in the nuclei are merely adsorbed from 
the cytoplasm. Moreover if the enzymes were adsorbed, it is improbable 
that the adsorption could be so specific as to exclude catalase, which is 
very easily adsorbed in the ordinary laboratory procedures. Finally, the 
concentration of most of the enzymes found to be present seems to be too 
high to make adsorption appear plausible. 


Approtimate cnxyme 
concentraljon m 
nucleus expressed as 
per cent of enoTne 
concentration in 
whole tissue 

•10-50 

0.05 

50-C0 or IiiRhor 

50 

40 

192 

25-30 or higher 


Enzyme. cocnr>Tne, etc. 


Arginaao 

Catalase 

Cytochrome oxidase 

Esterase 

Apoenzyme of lactic acid dehydrogenase. . 

Alkaline phosphatase 

Acid phosphatase 

Succinic acid dehydrogenase 

Cytochrome c 

Coenzyme I 

Riboflavin 
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It seems unlikely that much protein is lost from the nuclei in preparing 
them, since the last two or three washings, after being clarified in the high 
speed centrifuge, are almost protein-free. The pH of 6.0 to 6.2 used in 
the preparation is probably favorable for the retention of protein b}' the 
nuclei, especially in the presence of nucleic acid. On the other hand, Ring- 
er’s solution appears to e.\tract protein from the nuclei every time it is 
used to wash them. It maj^ require much more work to decide whether 
any protein is extracted during preparation of the nuclei. 

In regard to certain constituents of relatively low molecular weight, it 
seems probable that they may be washed out in the preparation of the 
nuclei. For instance, coenzj'me I is apparently absent, since it was neces- 
sar}' to add this material to obtain the actudty of lactic acid dehydrogenase 
with isolated nuclei. We have found no evidence to indicate the presence of 
riboflavin in the nuclei. Cytochrome c appears to be absent, since it was 
necessary to add it in order to obtain cytochrome oxidase. Moreover, we 
have been unable to detect cytochrome c spectroscopically in isolated nuclei 
or extracts made from them, although we have tried many times. Cyto- 
chrome c is of such low molecular weight that it conceivabty could have 
been washed out of the nuclei during their preparation. 

All of the work reported in this paper refers to Wistar strain rats. We 
have, however, prepared nuclei from Osbome-Mendel strain rats and as 
far as we have made comparisons have found no marked differences in the 
activities of the enzjTnes. 

In the future we hope to continue work on the enzymes of nuclei of nor- 
mal rat liver and to extend the work to the nuelei of rat hepatomas. 

We wish to acknowledge the financial support of The International Can- 
cer Researeh Foundation of Philadelphia, Pennsylvania, which has made 
this work possible. Also we wish to thank Professor W. R. Bloor for his 
advice and encouragement throughout the course of this work. 

SUMJIABT 

1. An improved method has been described for the preparation of 
nuclei of normal rat liver in such condition that their enzjrmes and proteins 
are believed to be undamaged. 

2. The enzj’mes arginase, cytochrome oxidase, esterase, lactic acid de- 
hydrogenase, alkaline phosphatase, and acid phosphatase have been found 
to occur in the nuclei in fairl 3 ' high concentration. Catalase is e.xtremelj^ 
low. Succinic acid dehj'drogenase is very low or absent. Cj’tochrome c 
and coenzjTne I also are low or absent. 

3. Reasons are given to show that the enzjTnes found to be present are 
in the nuclei and are not merely adsorbed. 



698 


KNZYMKS OF CF,LT, NUCI-F,! OF KAT MVF.Il 


‘1. The sodium salt, of a hifflily polymerized desoxyribonucleic acid has 
been prepared from tbe miclei. 

5. The total lipid content, of the miclei was found to lie between 10.5 
and 11.0 jicr cent. 
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ADENOSINE TRIPHOSPHATE IN MAGNESIUM ANESTHESIA* 


By K. P. DoBOIS, H. G. ALBAUM.t and V. R. POTTER 

(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 

Madison) 

(Received for publication, December 12, 1942) 

Recent papers have given strong indication that ni 3 'osm and adenosine 
triphosphatase may be identical (1-3) and have given renewed emphasis 
to the idea that adenosine triphosphate is the immediate source of energy 
for muscular work. One of the questions which immediatebr arises per- 
tains to the form and function of adenosine triphosphatase in tissues which 
do not contain mj'osin, since there is abundant evidence that adenosine 
triphosphate may be the immediate source of energy for endergonic reac- 
tions in other tissues besides muscle (4). Work on this problem is de- 
pendent upon the availabilit 3 '’ of supplies of adenosine triphosphate. The 
present paper is an attempt to improve existing methods for the isolation 
of this compound, and, what is perhaps equally important, provides a 
possible explanation for the phenomenon of magnesium anesthesia (5). 

Heilbrunn (6) has suggested that magnesium anesthesia might be due to 
a replacement of calcium by magnesium in “some clotting reaction essenti- 
alty similar to the surface precipitation reaction,” since it is well knoivn that 
calcium will reverse the magnesium effect and restore consciousness to an 
animal anesthetized with magnesium. Although specific catatysts could 
not be identified at that time, Heilbrunn did show that isolated muscle 
fibers contracted progressively in CaCU solutions but failed to contract in 
MgCb solutions of the same strength. The recent work on m 3 '’osin showed 
that calciu rnj s a specific activator of the adenosine triphosphata se (m 3 'osin) 
system (3) and that magnesium inhibits this action (7). It was therefore 
Iggical to postulate that, in the animal anesthetized with magnesium, the 
muscles are unable to contract because calcium is blocked awa 3 ' from 
adenosine triphosphatase b 3 ’^ the chemically similar magnesium ion and 
that a much higher yield of adenosine triphosphate should be obtained 
from the muscles of a magnesium-treated animal than from an untreated 
animal. The experiments presented below support this h 3 -pothesis, and 
the results show further that the same effects are obtained with brain tissue. 

* This work was aided by the Jonathan Bowman Fund for Cancer Research, 
t National Research Council Fellow in the Natural Sciences, 1942-43. 
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r.xrnm.MKNTAi. 

Method!; 

The effect of niiinncs'min and calcium on the adenosine tripliosphataso 
activity of tissues was cletcnnined h\' mcastiritif!: the quantity of adenosine 
triphosphate (ATI’) in the tissues after the si)ecial treatment. Both rata 
and rahlnts were used, and the A'l'P was ineasurcd Both l)y analysis and 
by actual isolation. In both cases, the procedure described by Needham 
(2) was used. For the isolation, this procedure was followed almost 
exactly, excejA. that a Waring blendor w.ns used to disintegrate the tissue, 
and it was found necessary to incre.asc the amount of water in Lohrnann’s 
reagent 3-fold to obtain solution. For the analytical ex]ieriments, the 
same procedure was followed ns far as but not including precipitation as 
the mercury salt. Tis.suc sample.s weighing aiiproximatcdy 1 gm. were 
removed from the animals and drojipcd into homogenircr tubes containing 
10 per cent trichloroacetic acid. They were then raj)iilly disintegrated 
with a motor-driven stainless steel jicstle. The A'l'P was then determined 
on the basis of the increase in inorganic phosi)hate after 7 minutes hy- 
drolysis in normal HCl at 100°. In one experiment, the 7 minute i)hos- 
phonis was measured directly on the trichloroacetic acid filtrate. Phos- 
lionis was determined by the method of Fiske and Subbarow (8). In the 
case of the actual isolation of ATP, the material isolated was tested for 
purity on the basis of 7 minute pho.sphorus and on the basis of the ratio 
of total organic phosphorus to 7 minute phosphorus. For pure ATP, this 
ratio is 3.0: 2.0. 

Analytical Studies — Preliminarj' experiments were done to determine 
the amount of magnesium needed to produce anesthesia. A solution of 
MgSO^ -71120 was made up to contain 25 per cent MgSO<. Various 
amounts were injected intrapcritoncally, and 900 mg. per kilo were chosen 
as the proper initial dose. In some cases, this amount of magnesium failed 
to produce complete narcosis, and additional small amounts of magnesium 
sulfate were injected until cardiac failure resulted. The animals were then 
quickly decapitated; a sample of muscle and the entire brain were i-emoved, 
weighed, and dropped into prepared homogenizer tubes. Parallel exiDcri- 
ments were carried out with decapitated untreated animals and, as an addi- 
tional control, with animals anesthetized with ether, since in the untreated 
animals the lowered ATP content might be attributed to the muscular 
contractions which occurred during decapitation. The results shown in 
Table I suggest that both muscle and brain from magnesium-treated ani- 
mals contain more ATP than do the tissues from animals which have not 
been treated with magnesium. In Experiment 2, the ether anesthesia 
was maintaned for exactly the same length of time as the magnesium anes- 
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thesia. In Experiment 4, the higher amount of ATP in every case is 
probably due to the omission of the extra manipulation involved in the pre- 
cipitation of the barium salts. Bailey (3), on the basis of experiments 
with myosin, concluded that the calcium ion is a specific activator for 
adenosine triphosphatase. His observation led us to carry out the addi- 
tional tests shown in Experiment 4, Table I. In addition to the determin- 
ations of ATP on the muscle samples from the various animals, an aliquot 
sample of muscle was minced and plaeed in a small volume of 0.05 per cent 
CaCh. A like sample of the muscle was placed in water. After 10 min- 
utes incubation, the small pieces of muscle were removed from their respec- 


Table I 

Adenosine Triphosphate Content of Rat Muscle and Brain in Magnesium Anesthesia 


Experi- 

ment 

No. 

Treatment 

ATP per gm, 

^fuscle 

. fresh tissue 

Brain 



micTomeUs 

micromole 

1 

Decapitated 

1.1 

0.06 


Ether 

1.3 

0.09 


Magnesium, death in 40 min. 

3.0 

0.23 

2 

Decapitated 

2.0 

mSm 


Ether, anesthesia maintained 10 min. 

3.1 

HjH 


Magnesium, death in 10 min. 

4.2 

wSM 

3 

Decapitated 

2.0 



Ether 

1.0 

0.11 


Magnesium, death in 10 min. 

3.2 



“ “ “ 40 “ 

4.9 

0.25 

4* 

Decapitated, control 

6.2 



“ calcium-treated 

3.0 



Ether, control 

4.3 



“ calcium-treated 

2.9 



Magnesium, death in 30 min., control 

8.5 



“ ** “ 30 ** calcium-treated 

5.4 

1 


* Analysis carried out directly on the trichloroacetic filtrate. 


tive solutions and homogenized in trichloroacetic acid, and 7 minute phos- 
phorus was determined on the filtrates. It is apparent that incubation in 
the calcium solution caused a decrease in the amount of ATP in every case, 
in accordance with Bailey’s statement that calcium activates the break- 
down of ATP by the muscle enzyme. 

The above experiment (No. 4 in Table I) was confirmed and extended by 
an experiment with rabbits, on heart and diaphragm in addition to skeletal 
muscle. In this instance, the tissues were homogenized directly in magne- 
sium sulfate or calcium chloride (0.1 per cent). This was done in the case 
of a magnesium-treated animal and a normal untreated animal which was 
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killed 1)}' n blow on (In; bend. 'I'lie re.^idl.s (Id^i;. 1) show, fir.st, flint the 
lissne.s vary conaiderably in their A'l’l’ eontent, .skeletal muscle posse.s.sing 
most, diapbvaRni less, and heart muscle h'ast ; second, that the tissues from 
the magnesium-treated animal contain more .V'l’r tlian do the corre- 
.sponding tissues from the control aninnd; and third, that c.aleium in all 
eases decreases the ATP eontent of the untreated tissues in comparison 
with those homogenized in a solution containing magnesium. 

Isolalinn of Adn>Of:i)>r TriplinKjdiah- from Rnhhil MuKch ' — The analytical 
data indicate that .skeletal inuseh' from magnesium-t rented animals con- 
tains more ATP than muscle from untreated animals or from ether-anes- 
thetized animals. Accordingly, larger .scale experiments were carried out 
in which ATP was isolated from the skeletal muscle of rabbits. A total 
of eleven rabbits was killed, and A'l'P was isolated from their skeletal 



Fio. 1. Adenosine Iripliosplnite content of tissues from n mnRnesium-trc.stcd and 
a normai raijbit as inliuenced i)y iioniogcnization in eaicium- and in mapnesium- 
containing solutions. 

muscles. The results arc rcijortcd in Table II. Each sample was dried, 
weighed, and then analyzed for inorganic, total, and 7 minute phosphorus. 
From the data so obtained, the weight of barium adenosine triphosphate 
was calculated on the basis that it. contained 4 moles of water per mole of 
ATP. (Lohmann and Schuster (9) reported 4 moles of water and pointed 
out that the amount of water depends upon the method of drying. Need- 
ham (2) reported 6 moles of water. Our purest preparation contained 99 
per cent ATP if 4 H 2 O and 103 per cent ATP if GHiO; the latter therefore 
xvas ruled out.) The ratio of total organic phosphorus to 7 minute phos- 
phorus is also reported in Table 11. The results are in harmonj' with the 
preliminary analytical data and support the conclusion that magnesium 
anesthesia maj^ be due to the inability of the tissues to obtain energy by 
breaking down ATP and suggest that higher yields of ATP may be ex- 
pected from magnesium-treated animals than from untreated animals. 
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'Fhe data in Fig. 1 were oi)tained from Ilal)bit.s 3A and 3B reported in 
Taldc II. The amount of ATP actually ifiolatod from the magne.sium- 
treated animal (Rabbit 3B) was 3.51 gm. per kilo of muscle. When the 
analytical data for this animal are calculated from the results in Fig. 1, 


TAnLK II 


laolation of Adonotine Triphonphalc from Itahhil Munclc 


V.xUAl 

No. 

Trealmenl* 

1 

Total organic I’ 
7 min. I' 

^ liaiATP UW 
j in pro'iuct 

Yield 

RajATI' 4irjO 
Krkilo 
frtih muscle 

lA 

Killed, untreated 

3. 5:2.0 

1 per cent 

00 

gm. 

1.55 

Hi 

Injected witli MgSOi, 700 mg. per 

.3. 1:2.0 

81 

2.10 

1C 

kilo; died in 10 min. 

Injected with MgSO(, fiOO mg. per 

2.0;2.0 

07 

2.70 

2A 

kilo; died in 18 min. 

Killed, untreated 

.3. 1:2.0 

04 

1.07 

21! 

Injected with MgSO,, 500 mg. per 

3, 2:2.0 

00 

1.80 

3A 

j kilo; after 20 min., additional 12.5 
mg. per kilo; after further 10 min., 
125 mg. per kilo; after further 10 
min., 175 mg. per kilo; death fol- 
lowed immediately 

Killed, untreated 

1 

3, 2:2.0 ' 

1 

i 

80 

2.50 

31! 

Injected vdth MgSO., .500 mg. per 

3, 2:2.0 

00 

3.51 

4At 

kilo; after 20 min., additional 125 
mg. per kilo; death in 5 min. 

Killed with ether 

3. 0:2.0 ! 

i 

83 1 

1.85 

4I!t 

Injectml with MgSO,, 400 mg. per 

3, 2:2.0 

80 

1 2.24 

4Ct 

kilo; died in 12 min. 

Injected with MgSO,, 200 mg. per 

! 

' 3. 1:2.0 

1 05 

2.04 

IDf 

kilo; after .30 rnin., additional 200 
mg. per kilo; died in 15 min. 
Injected with MgSO(, 2.50 mg. per 

1 

1 

1 

i 3.1:2.0 

1 

1 01 

1 

; 3.IC 


kilo; after .30 min., additional 2.50 
mg. per kilo; died in 20 min. 


1 1 

i 

1 


T 


Average for controla I 101 

“ “ magnesium-treated i 2.0-1 


• In the mugne.siurn-trealed animals, paralysis oecurred soon after tlie first in- 
jeetion. 

t Data on this group were kindly supplied by Dr. W. \V, Umbreit and Mr. G. A. 
Ixil’age. 


the ATP content is calculated as 3..57 gm. per kilo of muscle. When simi- 
lar calculations are made in the case of the untreated normal animal 
(Rabbit 3A), the amount actually isolated is 2.50 gm. per kilo as compared 
with only 1.54 gm. per kilo calculated from the analy.sis. Tlie low figure in 
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thclntlcr cxporimont, isoxplninahloon llie of Ions dvirinp; hoinoRcniza- 
tionof tlio. sample in tlio mapntsium .solnJion lalore the inngne.siiiin actually 
readied (he adenosine triiiliosjihatase; in the. ca.‘-e of the mapnc-sium- 
trcaled animal, the magnesium had alrcarly reached the adeno.sino triphos- 
phatase before the animal was killed, and homogenization in magnesium 
solution merely prevented los.s of magnesium. In the tissues from which 
the ATP was actuallj’ isolated, the homogenization was carried out directly 
in trichloroacetic acid. 


SUMMAUV 

1. Higher yields of adenosine triphosphate were obtained from the 
muscles of magnesium-anesthetized rabbits than from the muscles of un- 
treated rabbits. 

2. It was suggested that in magnesium anesthesia the magnesium ion 
may compete with the calcium ion for the surface of adenosine triphospha- 
tase and thus prevent the bre.akdown of adenosine triphosphate. 
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DETERMINATION OF CALCIUM BY PRECIPITATION WITH 
PICROLONIC ACID AND POLAROGRAPHIC MEASUREMENT 
OF THE RESIDUAL PICROLONIC ACID 

By GUNTHER COHN and I. M. KOLTHOFF 
{From the School of Chemistry, University of Minnesota, Minneapolis) 

(Received for publication, November 13, 1942) 

The use of picrolonic acid for the determination of calcium has been 
described by several authors. All methods involve a separation of the pre- 
cipitated calcium picrolonate, Ca(CioH 706 N 3)2 • 2 H 2 O, from the supernatant 
liquid. The calcium picrolonate formed is subsequently determined either 
directly or indirectly. In the direct methods it is weighed or determined 
colorimetrically (1) or as carbon dioxide after combustion (2). In the in- 
direct way the amount of picrolonic acid left in solution is determined volu- 
metrically by titration uith methylene blue (3) . In a subsequent paper the 
latter method u-iU be discussed in greater detail. In the direct methods a 
large excess of picrolonic acid (10-fold or more) is added and the precipitate 
is separated after 3 hours or a longer time of standing. The filtration or 
the centrifuging may involve difficulties when no well shaped crystals are 
formed, and also the washing may cause errors, since calcium picrolonate is 
appreciably soluble. In the method described in this paper the calcium is 
precipitated with a relatively slight excess of picrolonic acid, the excess of 
reagent being determined polarographically without filtering the precipitate. 
In this way errors due to incomplete separation by filtration or to solution 
of part of the precipitate are avoided. On the other hand complete precipi- 
tation of the calcium requires a relatively long time of standing (usually 
overnight), since only a slight excess of reagent is used in the precipitation. 

Reagents — 

Calcium chloride solution. A 0.1004 m stock solution of calcium chloride 
was prepared by dissolving 14.7 gm. of CaCl2-2H20 in water and diluting 
tO'l liter. The concentration of the solution was found by precipitating the 
calcium with sulfuric acid in 75 per cent alcohol and by weighing the cal- 
cium sulfate formed. The other calcium solutions used were prepared by 
diluting the stock solution. 

Picrolonic add. Saturated solutions which are about 0.01 M were pre- 
pared according to Dworzak and Reich-Rohrwig (4) by heating a sufficient 
amount of picrolonic acid recrystallized from 33 per cent acetic acid with 
water on a steam bath for 1 day and by filtering after cooHng to room tem- 
perature. When the filtration was carried out after some daj'S of standing, 
the solution remained clear for a long time and did not change its concentra- 

705 



70G 


I’OIiAliOailArmc DKTKUMtNATlON* OK CA 


tion as clclcrminccl by titration with sodium hydroxide. The titration was 
carried out with 0.1 m earl)onafe-frce .sodium hydroxide wliicli was added 
to the j)icrolonic acid solution from a micro hiiretfe with phcnolplilhalcin 
as indicator. The end-point is sharp and the yellow color of picrolonatc 
ions docs not interfere. 'I’wo .standard .solutions wore prepared. The first 
had an initial molarity of 0.01012, which h.ad changed to 0.01035 m after 14 
days. The second had a molarity of 0.0100 which remained the same after 
2 months of standing. The solutions were kept in flasks of Pyrex glas.s. 
When kept in ordinary glass containers, some of the picrolonic acid precipi- 
tated on standing by reaction with calcium di.‘''.‘-’olvcd from the glass. The 
other .solutions of picrolonic acid used were i)rcj)arcd by diluting tlie stock 
solutions. 


Taiii.c. I 

Charactcrislics of CapiUari/ Used al S5° in 0.1 sr Polassiitri Chloride ai 41 Cm. of 

Mercury Pressure 

The values are expressed in volts. 


Polcntial of droppioR mcrcur>- citcirode apalnst saturated calomel 
electrode 



0 

-OJ 



-1.2 

1 -1.5 

1 

Drop time, sec 

5.25 

5 25 

5.95 

5.77 

5.35 

lii 

Muss, gm. per see 

1.523 

1.533 

1.52S 

1.542 

1.510 




1.745 

1.75 

1.79 

1.79 

1.75 

im 


Polarographic Behavior of Picrolonic Acid 

Since the determination of calcium was based on the polarographic 
measurement of the residual concentration of picrolonic acid, current- 
voltage curates of picrolonic acid were determined with the dropping mer- 
cury electrode under various conditions. The purpose rvas to find media 
in which the diffusion current was well defined and proportional to the con- 
centration. The processes occurring in the reduction of picrolonic acid at 
the dropping mercury electrode will be discussed in connection with a study 
of the polarography of nitro compounds which is now being carried out in 
this laboratory. In the present priper only observations of interest for 
analytical applications of the waves of picrolonic acid are described. A 
pool of mercury in the electrolysis cell seiwed as the anode. In 0.1 M potas- 
sium chloride at a mercury pressure of 41 cm. the characteristics of the 
capillary used were, at 25°, as sho^vn in Table I. 

In Fig. 1 current-voltage curves of picrolonic acid in potassium or lithium 
chloride solutions are shoAvn. From these curves it is apparent that the 
presence of a maximum suppressor is necessary, and that camphor is espe- 
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ciallj’ suitable, while Rclatin and thymol arc less effective. In the presence 
of camphor (Cun-e 3) two distinct waves were obtained. The first one was 
horizontal at an applied e.m.f. between —1.0 and — 1 .3 volts, the second 
one at an applied e.m.f. more negative than —1.4 volts. The solutions 
used in Fig. 1 were unbuffered. Tlie appearance of the waves found in such 
solutions is greatly affected by the large change of pH close to the electrode 
during the reduction of the picrolonic acid. 

Since calcium is precipitated from acid medium, a studj' was made of the 
current-voltage cun’es of picrolonic acid in acid solutions. In the presence 
of acids camphor was no longer the best maximum suppressor, gelatin being 
found much more efficient in this respect (see Figs. 2 and 3). In acetate 
buffers of pH 3.6 to 3.8 and in the presence of gelatin two waves were again 



Fig. 1. Polarograms of picrolonic acid in unbuffered solutions. Curve 1, 2 X 
10*’ M picrolonic acid, 0.1 M LiCl, 20°; Curve 2, 1.035 X 10"’ M picrolonic acid, 0.1 m 
KCl, 0.036 per cent thymol, 25°; Curve 3, 1.035 X 10"’ M picrolonic acid, 0.1 M KCl, 
0.04 per cent camphor, 25°; Curve 4, 1.035 X 10"’ M picrolonic acid, 0.1 M KCl, 0.1 
per cent gelatin, 25°. The values are not corrected for residual current. Cathode 
potential refers to the saturated calomel electrode. 

obtained. The first tvas not well defined, especially at higher concentra- 
tions of picrolonic acid (Fig. 3). On the other hand the second wave 
yielded a well defined diffusion current which remained practically constant 
at applied e.m.f. values of between —1.0 and —1.2 volts. The height of 
the second wave at So = — 1.0 volt was proportional to the concentration 
(Fig. 4). When the concentration of gelatin in the mixture was increased 
from about 0.02 to 0.1 per cent, the value of the diffusion current de- 
creased by about 9 per cent. 

In acetate buffers of pH 3.6 to 3.8 the presence of gelatin is not necessary’’ 
for obtaining well defined diffusion currents. This is shown by the current- 
voltage curves in Fig. 5. The waves are similar to those obtained in the 
presence of gelatin, the first wave being badly defined, the second wave 
being well defined but showing a maximiun. Under these conditions a 
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constant current is found at an applied k.m.f. of between —1.15 and —1.3 
volts. The measurements reported in Table II and also the results of cal- 
cium determinations reported below show that the hciplit of the wave at 
Ea — —1.2 volts is proportional to the concentration of picrolonic acid in 
the absence of gelatin and is not afTcctcd by changes in the concentration of 



Fig. 2. Polarograms of 0.0010S5 m picrolonic acid in acid medium at 25°. Curve 
1, 0.01 M HCI, 0.04 per cent c.araphor; Curve 2, 0.01 m HCl, 0.1 per cent gelatin; Cur\'c 
3, 0.8 M HAc, 0.1 M NH4AC, 0.1 M KCl, 0.04 per cent camphor. The values arc not 
corrected for residual current. Cathode potential refers to the saturated c.alomcl 
eleetrode. 

Fig. 3. Polarograms of picrolonic acid in acetate buffer of pH 3.C to 3.8 at 25°. 
Curve 1, O.OS M HAc, 0.01 m NH^Ac, 0.1 m ICCl, 0.025 per cent gelatin (residual cur- 
rent); Curve 2, 1.049 X 10-* M picrolonic acid, 0.079 m HAc, 0.0099 m NIHAc,. 0.099 m 
KCI, 0.0248 per cent gelatin; Curve 3, 2.07 X 10"* m picrolonic acid, O.OS M HAc, 0.01 
M NH.Ac, 0.1 Rf KCl, 0.02 per cent gelatin; Cun-c 4, 5.062 X 10-< ,m picrolonic acid, 
0.076 M HAc, 0.0095 m NH^Ac, 0.095 m KCl, 0.0238 per cent gelatin; Cur\'c 5, 9.121 X 
10“* M picrolonic acid, 0.073 m HAc, 0.0091 m NH^Ac, 0.091 m KCl, 0.0228 per cent gela- 
tin. The values are not corrected for residual current. Cathode potential (versus 
saturated calomel electrode) = (F.ppUcd — 0.1 volt). 

acetate buffer or of indifferent electrolj^te. Therefore, no gelatin was used 
in all later experiments. 

Sohihility of Calmivi Picrolonaie 

The precipitation of calcium was carried out in an acetate buffer and in 
the presence of alkali chloride which served to define the anode potential 
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Fig. 4. Diffusion currents of increasing picrolonic acid concentrations. The 
number of the points refers to the corresponding curves in Fig. 3. Correction applied 
for residual current. E.ppM = — 1.0 volt, 25°. 

Fig. 5. Polarograms of picrolonic acid in acetate buffer of pH 3.6 to 3.8 without 
gelatin. Curve 1, 2.70 X 10"* .M picrolonic acid, 0.08 M H.Ac, 0.01 m NHiAc, 0.1 M 
KCl; Curve 2, 1.035 X 10"* M picrolonic acid, 0.08 M HAc, 0.01 M XH 4 AC, 0.1 M KCl; 
Curve 3, (for comparison) 1.035 X 10"’ M CdClj.O.l M H.Ac, 0.0125 M LiAc, 0.1 si LiCl. 
The values are not corrected for residual current. Cathode potential refers to the 
saturated calomel electrode. 


Table II 

Relation between Diffusion Current of Picrolonic Acid in_^cetate Buffer and 
Concentration at Ea = —1.2 Volts 


Buffer A, 0.1 m HAc, 0.0125 m LiAc, 0.1 M LiCl; Buffer B, 0.05 .m H.Ac, 0.0063 .M 
LiAc, 0.05 M LiCl. 


BuSer 

0.01035 u picrolonic 
acid added to 10 ml. 
bufiei 

Concentration of 
picrolonic acid 

Diffusion current 
corrected for 
residual current 

Microamperes 

Concentration 

1 


ml. 

uXiO* 

microamperes 

X JO^ 

A 

0.991 

0.933 

21.4 

22.9 

(( 

1.490 

1.342 

.30.2 

22.5 

ti 

1.890 

1.648 

36.9 

22.4 

ft 

2.482 

2.06 

45.7 

22.2 

If 

3.988 

2.951 

63.4 

21.5 

B 

2.045 

1.77 

39.8 

22.5 


in the subsequent polarographic determination. Most alkali picrolon- 
ates are not verj' soluble. A G.72 X 10"’ m picrolonic acid solution ivhich 
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Avns 0.1 M in alknli olilorido or in magnoainin (’lilorkic yicklocl, after stand- 
ing overnight in the ice I)o.\ or in a cooi room (at about 10°) considernbie 
precipitates with Xa'*, K', X’lb*, Mg' wliile the .solution remained clear 
with lithium chloride. When the solution was only 0.0025 .\i in .sodium 
chloride in.ste.'id of 0.1 .m, it also remained clear. Since calcium picrolonate 
crystalli5:cs .slowly, consi<lorable errom may occur when the concentration of 
alkali ions is too large. Lithium picrolonate being the most soluble of the 
alkali salts, the following buffer mixture was used: 1 M lithium chloride, 1 m 
acetic acid, 0.125 m lithium acetate (pH 3.0 to 3.8). This mixture, abbrevi- 
ated in the following as “buffer,” wn.s diluted about 10 times in the actual 
reaction medium. 

For the determination of the .solubility of calcium picrolonate pure crys- 
tals of this .salt were added to the solutions given in I'ablc III. After 
standing overnight at 20° and occasional shaking the concentrations of 


Taiiu; III 

Sohihilily of Calcium Pirrotonatr in J-Jxcrcs of Picrolonic Acid at SO” 
All mixlurc,s oontained 10 ml. of hiifTor in 100 ml. 


! 

Molarity ot picrolonic acid uied i 

Tina! concentration of picrolonic 
acid found 

, 1 

Solubility of Ca | 

' picrolonate in u \ Solubility product 

cv* t 

1 



u 

i X ;o- I 

XlOu 


•1.S2 

X 10* 

1 2,41 j 

5.G 

2.69 X I0-» 

5. -1.3 

X 10-* 

1 1.42 ! 

4.2 

5.175 X 10-* 

G.5G 

X I0-* 

j 0.G93 1 

3.0 

1.035 X 10-’ 

j 1.0S5X10-’ 

; 0 025 1 


1.55 X 10-' 

1.55 

X 10-’ 

; 0 { 


2.59 X 10-» 

2,54 

X 10-’ i 

1 0 

1 i 



picrolonic acid were determined polarographically at 20° without filtration. 
The solubility of calcium picrolonate is appreciable. The value found in 
the buffer alone was 2.41 X 10“* m Ca++, or 9.6 mg. of Ca per liter. This is 
in agreement with the value of 9 mg. of Ca++ per liter at 21° in water given 
by Dworzak and Reich-Rohrwig (4). The solubility product was calcu- 
lated with the assumption that the picrolonic acid is completely ionized in 
the buffer used. From titration cunms of picrolonic acid with sodium 
hydroxide with the glass electrode it appears that this assumption is justi- 
fied. It is seen that the solubility product (Ca++) (picrolonate ion)= is of 
the order of 5 X 10~” at 20°. No calculations of the product have been 
made from experiments in which the concentration of picrolonic acid was 
greater than 0.001 m. The solubility of the calcium picrolonate then be- 
comes so small that the experimental error in its indirect determination is 
too great to permit a reliable value of the solubility product to be calcu- 
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latcd. From the analytical view-point it is significant that the solubility of 
calcium picrolonate becomes negligibly small when the excess of picrolonic 
acid is equal to or larger than 1.5 X 10 ~’ m. Fig. 6 (Cuiwe 2) shows the 
solubility of calcium picrolonate in a given excess of picrolonic acid in the 
buffer solution diluted 10 times. In the actual calcium determinations the 
excess of picrolonic acid used was of the order of 1 to 2 X 10 ~’ m. The 
solubility of calcium picrolonate in 1 X 10 ~’ m picrolonic acid is 2.5 X 10“^ m 
C a. Thus when in a calcium determination a final concentration of picro- 
lonic acid of 1.05 X 10“’ m was found, the concentration corresponding to 
the amount of unchanged picrolonic acid in the solution was (1.05 — 
0.05) X 10“’ M or 1.00 X 10“’ m. 



Fig. 6. Solubility of calcium picrolonate in 0.1 M HAc, 0.0125 M LiAc, 0.1 M LiCI 
at 20". Curve 1, total concentration of picrolonic acid (sum of given concentration 
of picrolonic acid plus dissolved calcium picrolonate); Curve 2, concentration of 
calcium picrolonate at a given concentration of picrolonic acid. 

Determination of Calcium in Absence of Interfering Substances 

Since the crystallization of calcium picrolonate is slow and the solubility 
appreciable, an amperometric titration was not feasible. The determina- 
tion must be carried out by adding an excess of picrolonic acid and measur- 
ing the amount left in solution. In order to add the appropriate amount of 
picrolonic acid to an unknoum solution the calcium content of the solution 
should be knorm approximately. The approximate value of the calcium 
concentration can be obtained by noticing the time required for the first 
appearance of a precipitate of calcium picrolonate when the solution is 
mixed with buffer and picrolonic acid. Some results of such experiments 
at 20° are given in Table IV. The time for the appearance of the precipi- 
tate is increased more or less by the presence of other substances. Hence 
the test must be carried out with unknomis and standards of corresponding 
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comiwHition. Tho iipproxiinjitc dctonniiuition of tho cnlciiim content can 
also be carried out by a<ldinp oxalate soliitioti to tlic reaction mixture and 
by comparing the turbidity with that obtained with standards. It was 
found that the turbidity was not afTectod by the pre.«oncc of 0.25 M potas- 
sium chloride in calcium solutions oviw a concentration range of from 1.5 
to H) X 10"’ M. When the calcium solution was 10"’ .m, the turbidity was 
considerably weaker in the |)rc.';once of 0.25 m pota.y.sium chloride than in the 
absence of potas.sium chloride. 

Dclcrmtuation of Cniciimi — Table V contains the results of determina- 
tions of calcium in solutions, the concentration of which varied between 
10"’ and 10"’ m. After tho .solutions had stood overnight in a cool room 
(about 10°), the amount of picrolonic acid left was detennined at 20° polaro- 
graphically {En = —1.2 volts) either by using the method of an “internal 
standard” or by running calibrations between detenninations. These pro- 
cedures were used in oixler to take care of any fluctuations of the capillarj’ 

T.\ni.K IV 


Time of Appearance of Precipitate of Calcium Picrolonatc 
To 1 ml. of calcium solution, 0.3 ml. of Puffer nmi 2 ml. of 0.01 M picrolonic acid 
were tulclcd (20°). 


Motorily of Ca solution 

Time for nppo.iran« of ppt. 

0.01 

20-25 sec. 

0.005 

.\bout 1 min. 

0.003 

“ 1.5 min. 

0.002 

" 2 min. 

0.001 

2-3 min. 


constant over longer periods of time (5). The first eleven experiments show 
that calcium in a concentration range between 0.01 and 0.001 m can bo de- 
termined with an accuracy of 1 or 2 per cent. Experiments 12 to IS illus- 
trate the influence of the temperature at wliicli the samples arc kept over- 
night. ^^^len the temperature was about 15°, the precipitation from 0.001 
M calcium solution was not complete. When, on the other hand, the 0.01 
M calcium solution was placed overnight in the ice box, the results were 
consistently high. When the concentration of calcium was 5 X 10"’ m or 
less, correct results were found after standing overnight in the ice box. 
From the practical point of view it is most convenient to keep the mixtures 
overnight in an ice box. Under these conditions good results arc obtained 
with concentrations of from 1 to 5 X 10"’ m calcium. When the concen- 
tration is larger, we recommend that the mixtures stand overnight at a tem- 
perature of 10-20°. 

The precipitation requires considerable time, dependent on the calcium 
concentration and on the presence of other salts. Even from a pure 0.01 m 
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t Kept overnight nt nboiit 15°. 
1 Kept overnight in iee box. 
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calciimi .solution (Ik; cryslallizatioii is still incoinploto after -I hours of 
standing at 20°. For (his roa.son it is recommended tlmt the mixtures 
always stand overnight. 

'J'he determinations of ealeinm were found to he well reproducible when 
the jiierolonie. acid used had been recrystallized from 3.3 per cent acetic acid. 
When the pierolonic acid, in addition, al.so had been recrystnllized from 95 
per cent ethanol, a disturbing eflect was ob.sen’cd, Tlie crA’.stal.s of the pro- 
cipitated calcium i)icrolonnte w(>re not so well developed ns the crystals 
obtained with pierolonic acid recrystallized from acetic acid only. With 
the .solution of pierolonic acid recrystidlized from alcohol correct results 
wore obtained in the detcM-mination of 0.001 and O.OI .M calcium solutions. 
In the determination of 0.002.5 m calcium solution.s, however, the calcium 
content was alway.s found 7 to S per cent low, corrc.sponding to an appar- 
ently abnormally large diffusion current of the residual pierolonic acid. At 
this calcium concentration i)art of the preeii)itatc was in a slimy form. The 
error was eliminated by filtering the suspension of calcium picrolonate 


T.mh,k VI 

listimalc of Calcium Content in (Inknotni Solutions 


Sample Ko. 

Time (or appearance of ppt. 

K5llm3tetl concentration of Ca 


nirt. 

ny.iP 

1 

About 2.2 

About 2 

2 i 

" I 

'■ 5 

' 1 

" 1.5-2 

" .1 


through a sintered glass crucible before the polarographic determination. 
Hence, it appears that under the working conditions the suspended calcium 
picrolonate contributed to the measured diffusion current. It is, therefore, 
recommended to rccrj'stallizc the pierolonic acid only from 33 per cent 
acetic acid. 

Dclcnninaiion of Calcium m Unknown Solutions — The results of the 
determinations of three unknown solutions arc reported in order to illus- 
trate that the procedure yields reliable results. The preliminary test car- 
ried out \rith 1 ml. of solution, 0.3 ml. of buffer, and 2 ml. of 0.01 m picro- 
lonic acid gave the results shown in Table VI. On the basis of these figures 
determinations were made in which the mixtures were kept in an ice box 
overnight (Table VII). The molarities were. Sample 1, 2.71 X 10 ~’ m; 
Sample 2, 5.02 X 10~“ m; Sample 3, 3.36 X 10~’ ai. The results show that 
for most practical purposes one determination is sufficient. 

Dclcnninaiion of Calcium in Presence of Na, K, NHi, Mg, SO*, and POt 

Alkali metals and magnesium interfere when present in large concentra- 
tions because of the limited solubility of their picrolonates. Sulfate and 
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phosphate might interfere by coiirecipitation of tlieir calcium compounds. 
An interference by magnesium is especially to be expected. According to 
Dworzak and Reich-Rohrwig (4) the solubility of Mg(CioH:06N3)2-4H50 

Table VII 


Determination of Calcium in Unlmown Solutions 


Reaction Mixture 

Sample 1 1 

Sample 2 j 

Sample 3 

A 

10 ml. unknown. 

j 

5 ml. unknown, 

10 ml. unknown. 


2 ml. buffer. 

1 ml. buffer, 

2 ml. buffer. 


10 ml. 0.01 M 

7.5 ml. 0.01 M 

9 ml. 0.01 M 


picrolonic acid 

picrolonic acid 

picrolonic acid 


(allows determi- 

(allows determi- 

(allows determi- 


nation up to 

nation up to 

nation up to 


3.75 X 10-* M 

6.5 X 10= M 

3.5 X 10-= M 


Ca) 

Ca) 

Ca) 

B 

10 ml. unknown. 

5 ml. unknown, 

5 ml. unknown. 


2 ml. buffer, 

2 ml. buffer, 

1 ml. buffer, 


7.5 ml. 0.01 M 

9 ml. 0.01 .M 

6 ml. 0.01 -M 


picrolonic acid 

picrolonic acid 

picrolonic acid 


(allows determi- 

(allows determi- 

j (allows determi- 


nation up to 

nation up to 

nation up to 

C 

2.75 X 10-» M Ca) 

8 X 10“= M Ca) 

5 ml. unknown, 

5 X 10-’ 11 Ca) 



2 ml. buffer, 

10 ml. 0.01 M 
picrolonic acid 
(allows determi- 
nation up to 

9 X 10-’ .M Ca) 



Amounts of Ca found in 10 ml. solution 



micromoles 

' 1 
micromoles 

micrcmoles 

A 

27.15 

51.2 

32.7 

B 

26.88 

51.3 

33.8 

C 


49.7 


Correct value. . . 

27.11 

50.20 

33.63 


fer cent 

Per cent 

per cent 

A. Error I 

+0.15 

+2.0 

-2.8 

B. “ 

-0.85 

+2.2 

-1-0.5 

C. ” 


-1.0 


Average error. . . . 

-0.35 

-H.l 

-1.15 


is 7.9 mg. of Mg per liter at 20°, only 1.45 times greater than the molar 
solubility of calcium picrolonate. According to these authors, magnesium 
forms stable supersaturated solutions, so that calcium can be determined in 
the" presence of the 10-fold amount of magnesium (molar ratio 1G.5; 1). We 
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Taih.k VIII — Pftrrminntion of Calcium in Prma 


Kx- 

peri* 

mrnl 

No. 

Ctt sotutlnn 

lUifTrr 

adilM 

ricrolonicicldaddcd 

■1 

Molarity in Cit 

of forelirn mIk 


fni. 


i 

mJ. 


1 

f) 

1. 001 X 10-’ 

0.1 XnCI 

2 

12.65 ml. 0.01035 ,m = 131.0 


f) 

1,001 X 10-’ 

0.25 " j 

o 

12.5 “ 0.01035 “ = 129,5 


10 

2.G0r) X 10-> 

0.25 “ 

o 

8 ml. 0.01035 .m = 82,8 

‘1 

5 

2.51 X 10-> 

0.25 " i 

1 

5 “ 0.01 .M ■= 50.0 

5 

10 

1.001 X 10-> 

0,25 " 

1 

3.5 ml. 0.01 St => 35.0 

0 

10 

1.002 X 10-5 

0.1 " 

1 

4.5 “ 0.01 “ = 45.0 

7 

5 

1.001 X 10-» 

0.25 KCI 

2 

12.5 " 0.01035,^1 = 129.5 

8 

S 

1.001 X 10-’ 

0.1 

O 1 

12.5 “ 0.0ia35 “ = 129.5 

9 

10 

2.51 X 10-^ 

0.25 “ 

2 

8 ml. 0.01 M «= 80.0 

10 

10 

1.001 X 10-> 

0.25 “ 

1 

3.5 ml. 0.010.35 st = 30,2 

11 

5 

1.001 X 10-’ 

0.25 Mi^n 

2 

13 ml. 0.01 M ■= 130.0 

12 

10 

I.OOl X 10-’ 

0.1 

! 1 

4 *' 0.01 “ = 40.0 

13 

10 

1.004 X 10-’ 

0.25 

' 

4 " 0.01 " = 40,0 

14 

® i 

1.001 X 10-’ 

0.1 MkCI, 

2 

12,5 ml. 0.01035 .M = 129.5 

IS 

5 

1.004 X 10-= 

0.25 

o 

12.5 " 0.01035 " = 129.5 

IG 

10 

2.51 X 10-’ 

0.25 

' 2 

8 ml. 0.01035 ,m = 82.8 

17 

10 

1.004 X 10”= 

0.25 

1 

1 3.5 ml. 0.01035 st = 36.2 

18 

5 

1 .004 X 10-= 

0.25 KCI 

2 

12.5 “ O.OI st = 125.0 

19 

5 

1.004 X 10-= 

0.25 MgCl. 

1 2 

12.5 " 0.01 " = 125.0 

20 

5 

1.004 X 10-= 

0.15 Li;S04 

2 

12.5 " 0.01 " = 125.0 

21 

5 

1.004 X 10-= 

0.25 NttIl5P04 

2 

' 12.5 " 0.01 " = 125.0 

22 

5 

1.004 X 10-= 

0.25 

2 

12.5 ■■ 0,01 “ = 125.0 

23 

5 

1.004 X 10-= 

0.15 Li.S04 

' 2 

12.5 " 0.01 " = 125.0 

24 

5 

1.004 X 10-= 

0.25 NiiH:P04 

2 

15 ml. 0.01 M = 150.0 

25 

10 

1.004 X 10-= 

0.25 

1 

3.5 ml. 0.01 M = 35.0 

26 

10 

1.004 X 10-= 

0.25 

1 

3.5 " 0.01 " = 35.0 

27 

10 

1.004 X 10-= 

0.25 

1 

4.5 " 0.01 " = 45.0 

28 

10 

1.004 X 10-= 

0. 15 liiaSOi 

1 

1 

3.5 “ 0.01 " = 35.0 

29 

10 

1.004 X 10-= 

0.15 

! 1 

3.5 “ 0.01 “ = 35.0 

30 

5 

1.004 X 10-= 

0.25 

2 

12.5 “ 0.01 “ = 125.0 

31 

5 

1.004 X 10-= 

0.25 

! 2 

12.5 " 0,01 “ = 125.0 

32 

10 

1.004 X 10-’ 

0.25 “ 

1 

3.5 " 0.01 " = 35.0 


* In micromoles. 
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.Other Salts after Standing Orernight at About 10° 


Tjcrolonic add left (concentrations 
corrected for solabllity if necessary) 

Ca picroYonate 
fonned. in terms of 
ptcrolonic acid 

Error 

Remarks 

( 

iUlcuUted 

Found 




wtcremefej 

nierenofes 

f-er teni 


1.48 X 10-» M = 29.0* 

100.4 

102.0 

-fl.6 


1.52 X 10-* “ = 29. C5 

100.4 

99.85 

-0.55 


1.66 X Iff-* " = 33.2 

50.1 

49.6 

-1.0 


2.26 X Iff-* “ = 24.8 

25.1 

25.2 

+0.4 


1.32 X Iff-* “ = 19.1 

20.08 

15.9 

-21 

Kept overnight only at about 
15° 

1.61 X lff-> " = 24.9 

20.04 

20.1 

+0.3 

Kept overnight in ice box 

1.61 X Iff-* “ = 31.4 

100.4 

98.1 

-2.3 


1 1.52 X Iff-* " = 29.65 

100.4 

99.85 

-0.55 


0.9 X Iff-* “ = 18.0 

0.35 X Iff-* '■ = 

1 

50.2 

20.08 

62.0 

+23.5 

Pptn. of K picrolonate 
Practically all picrolonic acid 
used up by K pptn. 

1.475 X Iff-* " = 29.5 

100.4 

100.5 

+0.1 

Kept overnight at 20° 

1.26 X Iff-* " = 18.9 

0.42 X Iff-* " = 

20.08 

20.08 

21.1 

+5.1 

“ “ in ice box 

( '• " “ “ “ 

\ Pptn. of NHi picrolonate 

1.46 X Iff-* “ = 28.4 

100.4 

101.1 

+0.7 


1.445 X Iff-* “ = 28.2 

100.4 

101.3 

+0.9 


1.62 X Iff-* “ = 32.4 

50.2 

50.4 

+0.4 


1.085 X Iff-* “ = 15.75 

20.08 

20.45 

+1.8 


1.562 X Iff-* “ = 30.5 

100.4 

94.5 

-5.9 

7 hrs. in ice only. Pptn. still 
incomplete 

1.275 X 10-* “ = 24.85 

100.4 

100.15 

-0.25 

6 hrs. in ice only. Pptn. com- 
plete 

1.21 X Iff-* “ = 23.6 

100.4 

101.4 

+1.0 


1.185 X Iff-* “ = 23.1 

100.4 

101.9 

+1.5 


1.10 X 10-* “ = 20.7 

100.4 

104.3 

+3.9 

Kept overnight in ice box 

1-09 X 10-* “ = 20.5 

100.4 

104.5 

+4.1 

c( (c n tt it 

2.19 X 10-* “ = 48.2 

100.4 

101.8 

+1.4 

It It II II II 

0.99 X 10-* “ = 14.35 

20.08 

20.65 

+2.8 

II It It II It 

1.05 X Iff-* “ = 15.2 

20.08 

19.8 

-1.4 

It It It II ft 

1.17 X Iff-* “ = 18.1 

20.08 

26.9 

+34 

1 II II II II II 

\ Pptn. of Na picrolonate 

0.99 X Iff-* “ = 14.35 

20.08 

20.65 

+2.8 

Kept overnight in ice box 

0.99 X Iff-* “ = 14.35 

20.08 

20.65 

+2.8 

ti It II 11 II 

1.63 X 10-* “ = 31.8 

100.4 

93.2 

-7.2 

[ “ “ “ “ “ Ap- 

1.60 X Iff-* " = 31.2 

100.4 

93.8 

-6.6 

< parently coprecipitation of 

1.16 X 10-* " = 16.8 

20.08 

18.2 

-9.4 

\ CaSOi 
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I’OI-AKOQRAPHIC DETERMINATION OF CA 


found a solu])ility of inapiu'.siiun picroloiialc oorrcsjjondinR fo 8.-!5 ing. per 
litoral 20° in iho nndilutod buffer. ThoMipor.'^aturatod solutions of magne- 
sium picrolonatc are not indefinitely stable. When to ml. of 0.01 m mag- 
nesium chloride 1 ml. of bufTer and 10 ml. of 0.01 .m picrolonic acid were 
added, some precipitate had appeared the next day (about 2-1 hours later). 
Nevertheless even a large exee.ss of magnesium does not interfere in the 
determination of calcium. 

The results of determinations in pro-sence of Xa, K, NTb, Mg, vS 04 , and 
POa are given in Table VII 1. The samples svere kept overnight in a cool 
room (about 10°) unless otherwise stated. 

Ivjluencc of Catiouf ; — The concentrations at which alkali and magnesium 
interfere depend on the final concentration of these cations in the mixtures 
and on the excess of picrolonic acid used. In general the concentration of 
alkali or of magnesium in the sample after addition of buffer and of picro- 
lonic acid may be 0.05 to 0.06 .M. Actually the concentration may be 
greater in many cases (for c.xample in Experiments 3, M, 25, 26, Table 
VIII). A 0.01 M calcium solution which was 0.25 m in i)otas.sium chloride 
(Experiment 7) could be determined becau.se the mixture became suffi- 
ciently diluted after addition of buffer and picrolonic acid. On the other 
hand the determination of 0.001 m Ca in 0.25 m KCl (IDxpcrimcnt 10) 
became highly erratic because of the precipitation of ])otassium picrolonatc. 
At thi.s .small calcium concentration the volume of picrolonic acid added did 
not dilute the solution .sufficiently to prevent precipitation of pota.ssium 
picrolonatc. In Experiments 25 and 26 made in 0.25 M sodium solution the 
determination of 0.001 M calcium was correct, since the e.xce.ss of picrolonic 
acid used was only 15 micromoles, but when the excc.ss was 25 micromoles 
(Experiment 27) a strong interference by the precipitation of sodium picro- 
lonatc was found. This was not the case when the sodium concentration in 
the beginning was only 0.1 m (Experiment 6). Potassium and ammonium 
interfere more than magnesium. 

The incomplete precipitation from 0.001 m calcium .solution at 15° again 
is shown in Experiment 5 Avhich corresponds to Experiment 12 in Table V. 
Experiments 22 and 23 again .show that the determination of 0.01 m calcium 
gives somewhat high values when the sample is kept in the ice box over- 
night. 

Influence of Anions — Phosphate when present in a concentration of 0.25 
M did not interfere. With 0.25 m sulfate a slight interference was found, 
undoubtedly due to coprecipitation of calcium sulfate (Experiments 30 to 
32). Interference did not occur when the sulfate concentration was 0.15 
M, which still is a large excess with respect to the calcium concentration. 

Quite generally, then, the method jdelds good results in the determination 
of 0.001 to 0.01 Ai calcium solutions even when the concentrations of alkali, 
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magnesium, sulfate, and phosphate ions arc from 10 to 100 times larger 
than that of the calcium. 


Procedure 

Determine the approximate calcium content of the sample by a prelimi- 
narj’ test as described above. Add a quantity of buffer solution (1m acetic 
acid, 0.125 m lithium acetate, 1 m lithium chloride) such that it becomes 
about 10 times diluted in the final mixture. Add such an amount of 
standard 0.01 m picrolonic acid to 5 to 10 ml. of the unknomi that the con- 
centration of picrolonic acid after completed precipitation becomes at least 

0.001 M. The amount of picrolonic acid added shall not exceed the 4-fold 
molar concentration of the calcium. Keep the mi.xtures overnight in an ice 
box when the calcium concentration is equal to or smaller than 5 X 10~’ m. 
^^^len the calcium concentration is greater, keep it at room temperature 
(not above 20°). The residual concentration of picrolonic acid is deter- 
mined without filtering polarographicallj' at 20° at a cathode potential of 
— 1.1 volts versus the saturated calomel electrode or when a mercurj’- pool 
anode is used at an applied e.m.f. of — 1.2 volts. The picrolonic acid solu- 
tion prepared from the reciystallized product is standardized by titrating 
with carbonate-free 0.1 m sodium hydroxide with phenolphthalein as indi- 
cator. 

Acknowledgment is made to the Carnegie Coi^poration of New’ York for 
a grant W’hich enabled us to caiTy out the present study. 

SUMMARY 

1. Calcium can be determined in a concentration range of from 0.001 to 

0. 01. M by precipitation as calcium picrolonate w’ith an excess of standard 
picrolonic acid solution. The excess of reagent is determined polarographi- 
cally without filtering the solutions. The method is accurate within 1 to 2 
per cent. 

2. The method yields good results in the presence of relatively large 
amounts of Na, K, NH 4 , Mg, sulfate, and phosphate in the solutions. 
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THE EFFECT OF GLUCOSE FEEDING UPON THE QUANTITA- 
TIM: relationship BET^^^^EN jS-HYDROXYBUTYRIC 

ACID AND ACETOACETIC ACID IN BLOOD AND URINE* 

Bv IRENE E. STARK and MICHAEL SOMOGYl 
(From the Loboralory of the Jewish Hospital of St. Louis, St. Louis') 

(Received for publication, January 5, 1943) 

Ketosis that is caused in healthj' indhdduals bj' fasting or by a carbo- 
hydrate deficiency in the food readily subsides in a fetv hours after the 
administration of carbohydrates. \\Tien, as a result, ketonuria diminishes, 
j3-hydroxybutyric acid disappears from the urine more rapidly than aceto- 
acetic acid; as Kennaway expressed it (1), the /3 ratio, (100 X /3-hydroxy- 
butyric acid)/(total ketone bodies), gradually decreases. This observation 
of several earlier workers (1, 2) was confirmed in part in our laboratoiy. 
Since it is possible, however, that interconversion between acetoacetic acid 
and ^-hydroxybutjTic acid may take place in the kidneys, we followed the 
changes of the P ratio not only in the urine but also in the blood. In ^uew 
of our obser\'ations that in the postabsorptive state the ketone bodies are 
unevenly distributed between corpuscles and plasma and, furthermore, 
that the distribution of acetoacetic acid and of /S-hydroxj’butyric acid shows 
substantial differences (3), we have studied all of these relationships during 
the process of recession of ketosis resulting from carbohydrate feeding. 

Healthy Subjects 

For observations on non-diabetic ketosis, three healthy j’oung men were 
fasted for 62, 38, and 64 hours, respectively. All of them showed marked 
ketonuria at the end of the fasting period. At this point blood samples 
were obtained directly before and at hourly inteiwals after the administra- 
tion of 100 gm. of glucose. The ketone bodies were determined in whole 
blood and in plasma by a procedure outlined in a preceding publication 
(3). The values for the corpuscles were calculated from these analytical 
data and the cell volume. 

The data presented in Table I show that, as pre^dously reported (3), 
the corpuscles contain considerably smaller amounts of ketone bodies than 
does the plasma; in our three subjects the concentration in the plasma was 
from 2 to 3 times as high as in the cells. The administration of glucose, 
however, effected changes in the distribution. Thus in Subject 1 the distri- 
bution ratio (ketone body concentration in the cells)/(ketone body concen- 
tration in the plasma), which in the fasting state was 0.39, rose to 1.06 

* This work was aided by the Helen Yonkers Research Fund. 
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Dis’i'iaiMiTio.v or Kino.vi: hodikh 


{luring tli(! 3nl, and lo •}..')() during tho -nh hour aflor glucose feeding; that 
is to say, the raiio was inv(>r(ed, and the concentrafion of ketone bodies in 
the corpuscles ultimately increased t(» more than -l-fold the concentration in 
the plasma. Subjects 2 and .’1 showed clianges of much the same character. 

We interpret this fact as follows: llyperketonemia occurs wlicn the liver 
transmits ketone bodies into tlie blood stream at a higher rate than the 
cxtrahepafic ti.ssues are able to consume them, .\fler gluco.se feeding the 
liver begins to eatabolize carbohydrate in preference to fat and protein, 
so that tlie production of kc'tom* bodies is gradually arrested. In con.se- 
(luenee the blood receives from tile liver smaller amounts of ketone bodies 
than it gives up to theexfrahepatic tissues (and to some extent to the urine), 

'I’aiii.i: I 


Effect of Glucose Feeding upo7t histrihiition of Total Kctoiic Jlodics between Corpuscles 
and I’lasiria in Normal Subjects 


Subjccl No. 

Time since 
Iasi meal 

; Time after 
niucosc feetUoK 

Total Lelonc IxvJrc.' In 

IH 

Whole blood : 

Corpuscles 

1‘la.ima 


hi. 

hi. 

mjf. /ff rtnl | 

nt. ftt cent 

ri{. l-tr etnl 


1 

C2 

' 0 

23.1 

13.1 

33.7 

0.39 



1 

21.5 

M.l 

28. S 

0.49 



2 

5. SO 

5.63 

5.95 

0.95 



3 

1 1.61 

1.65 

1.55 

l.OG 



•1 

0.5S 

0.90 

0.20 

4.50 

2 

3S 

0 

17.9 

9.24 

20.0 

0.3G 



1 

9.31 

5.66 

1 13.2 

0.43 



2 

3.57 

3.50 

3.50 

1.00 



3 

' 2.51 

3.32 

1.43 

2.32 



4 

1.53 

2.20 

0.42 

5.20 

3 

C4 

0 

OS. 4 j 

48. S 

! 87.9 

0.56 



1 

5S.2 

47.3 

70.0 

0.07 



^ i 

17.2 

18.3 

10.4 

1.11 


and the kctoncmic level recedes. As a matter of course this change affects 
primarily the concentration of plasma ketones, and thereby, secondarily, 
induces a diffusion of ketone bodies from cells to plasma. The diffusion 
apparently lags behind the rate of decrease in the plasma and, ns a result, 
the distribution ratio shifts in favor of the corpuscles. 

In the same three subjects we also examined the po.ssible effect of glucose 
feeding upon the relation.ship between /8-hydroxybutyric acid and aceto- 
acetic acid ((8 ratio) both in corpuscles and in plasma. The results, given 
in Table II, .show a continual decline of the jS ratio in the plasma as well as 
in the corpuscles. It has markedly decreased already during the 1st hour 
after the administration of glucose, and in the 3rd and 4th hours it dropped 
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to zero. This means tlic complete disappearance of /3-hydroxj’butyric acid 
at these periods; so that the ketone bodies in the blood were represented 
solely by acetoacetic acid both in corpuscles and plasma. The complete 
disappearance of jS-hydroxybutyric acid occurred in the corpuscles earlier 
than in the plasma in Subjects 2 and 3, but later in Subject 1. An in- 
teresting fact is that, whereas the concentration of /3-hydroxybutyric acid 
in the plasma usually remained higher than in the cells, the concentration 


Table II 

Effect of Glucose Feeding upon Distribution of Acetoacetic and P-Hydroxybutyric 
Acids in Blood of Normal Subjects 



■ 

Corpuscles 

Plasma 

Subject 

Xo. 

■ 

Aceto- 

acelic 

acid 

Rydroiy- 

butyric 

acid 

Total 

ketone 

bodies 

fi ratio 

Aceto- 

acetic 

acid 

jS- 

Hydroiy- 

butyric 

acid 

1 Total 

ketone 

bodies 

fi ratio 


hri. 

mg. 

per eent 

mg. 

per cent 

mg. 

per cent 


mg. 

per cent 

mg. 

per cent 

mg. 

per cent 


1* 

0 

4.0S 

9.01 

13.1 

70 

5.47 

28.2 

33.7 

84 


1 

6.75 

7.32 

14.1 

52 

7.02 

21.8 

28.8 

76 


2 

3.95 

1.68 

5.63 

30 

2.65 

3.30 

5.95 

56 


3 

0.98 

0.67 

1.65 

40 

1.55 

0 

1.55 

0 


4 

0.90 

0 

0.90 

0 

0.20 

0 

0.20 

0 

2t 

0 

5.32 

3.92 

9.24 

43 

8.36 

17.6 

26.0 

68 


1 1 

5.66 

0 

5.66 

0 

5.51 

7.60 

13.2 

58 


2 

3.18 

0.32 

3.50 

9 

2.86 

0.70 

3.56 

20 


3 

3.32 

0 

3.32 

0 

1.43 

0 

1.43 

0 


4 

2.20 

0 

2.20 

0 

0.42 

0 

0.42 

0 

3t 

0 

26.1 

22.7 

48.8 

42 

21.8 

66.1 

87.9 

75 


1 

27.3 

20.0 

47.3 

42 

29.5 

40.5 

70.0 

60 


3 

18.3 

0 

18.3 

0 

13.3 

3.1 

16.4 

19 

4§ 

0 





0.25 

0.70 

0.95 

74 


2 





0.12 

0.10 

0.22 

45 

5| 

0 





0.11 

0.27 

0.38 

71 


2 





0.24 

0.11 

0.35 

33 


* Fasted 62 hours, 
t Fasted 38 hours, 
t Fasted 64 hours. 

§ In postabsorptive state, 14 hours after last meal. 

of acetoacetic acid tended to shift in favor of the corpuscles, especially in 
the 3rd and 4th hours after glucose feeding. In Subjects 1 and 2, for 
instance, the acetoacetic acid in the corpuscles eventually became from 2 
to 5 times as high as in the plasma. A possible cause of this phenomenon 
is that the cells tend to retain acetoacetic acid more firmly than /3-hj'droxy- 
butyric acid under conditions that cause a rapid decline in the ketone body 
concentration of the plasma. 
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As regards S\ibjects 4 and 5 in Tuido. II, these were normally nourished 
liealthy individuals in the postahsorjjlive slafe (14 hours after the last 
meal) when subjected to the experiment. In view of the large quantities 
of blood required for analysis in such eases, only two samples were taken, 
one before and one 2 liours after glucose feeding. We linve previously 
described the observation that glucose feeding measurably depresses the 
ketoncmic level of the well nourished healthy individual just ns it docs in 
the instance of fasting ketosis (4). Subjects 4 and 5 .show that the rc.spon.se 
of the two groups is similar also in regard to changes in the /3 ratio. Even 
in Subject 5, whoso basal ketoncmic level was .so low (0.38 mg, per cent) 
that its probable decrease after glucose feeding maj- have eluded measure- 


Taulk III 


Effect of Glucose Feeding on Relationship hrtirccn Acctoarctic Acid and 
P-IIijdroxyhutyric Acid in Urine of Xormnl Subjects 


Subject 

No, 

Time after 
glucose 

Acetoacetic acici 

1 /?*HycIfoxybutyrfc BCiif 

Total lefone bodies 

0 ratio 


las. 

ms-fer tent 

fnt. per hr. 

mt. fer ten! 

r»x. ffr hr. 

nf. prr cent 

mt. t'r hr. 


1 

0 

90. 5 

20.7 

131.0 

28.0 

227.5 

48.7 

58 


1 

129.0 

30.3 

85.0 

23. S 

214.0 

04.1 

40 


2 

38.5 

8.80 

0 

0 

38.5 

8.80 

0 


3 

5.90 

1.89 

5.12 

1.04 

11.0 

3.52 

40 

1 

4 

2.95 

0.74 

5.58 

1.40 i 

8.53 

2.14 

71 

2 

0 

30.0 

11.5 

74,7 

28.0 

105.3 

39.5 

72 


1 

10.5 

0.01 

15.1 

0.05 

31.0 

12,7 

48 


2 

5.73 

1.00 

0 

0 

5.73 

1.00 

0 


3 

3.33 

7.33 

1.43 

3.58 

4.70 

10.9 

31 


4 

3.00 

0.90 

0.84 

1.93 

3.84 

8.83 

22 

3 

. 0 

70.0 

58. 1 

149.0 

124.0 

219.0 

182.1 

OS 


1 

15.5 

8.27 

13.0 

7.27 

29.1 

15.5 

47 


2.5 

91.7 

149.2 

0 

0 

I 91.7 

1 

149.2 

0 


ment, the drop in the /3 ratio was still great enough to be detected. In 
Subject 4 the ketoncmic level was high enough (0.95 mg. per cent) for 
reliable measurement; here it is clearly shown that the /3 ratio decreased 
matcrialh'' as the ketoncmic level was depressed by glucose feeding, in the 
.same manner as in fasting ketosis. 

Changes in the relationship between acetoacetic acid and /J-hj’^dro.xy- 
butyric acid were examined at hourlj’- intervals in urine samples which 
were collected simultaneously with the blood samples. The results, given 
in Table III, show that the (3 ratio declined in urine faster than in the blood. 
This tendenc}'' was evident as early as in the 1st hour, and quite conspicuous 
during the 2nd hour after glucose feeding; at this time /3-hydroxybutyric 
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acid completely disappeared in the urine, which was 1 hour earlier than 
in the blood in all three of our fasted subjects. The difference between 
blood and urine was further accentuated when ^-hj'droxybutyric acid 
emerged again in the urine during the 3rd and 4th hours, when it was 
completely absent from the blood. 

Table IV 


Effect of Glucose Feeding upon Distribution of Total Ketone Bodies between Corpuscles 
and Plasma in Diabetic Subjects 


Subject No. 

Time after 
glucose feeding 

Tout ketone bodies 

in 

Ketones in 
corpuscles 

ViTiole blood 

1 

Corpuscles 

Plasma 

Ketones in 
plasma 


krs. 

mg. Per cent 

mg. per cent 

mg. per cent 


6 

0 

25.4 

8.49 

38.7 

0.22 


0.5 

41.0 

28.6 

49.8 

0.57 


1 

35.5 

21.9 

50.6 

0.43 


2 

33.2 

18.7 

44.4 

0.42 


3 

38.3 

48.3 

29.8 

1.62 


4 

43.1 

36.5 

49.8 

0.73 

7 

0 

68.0 

60.2 

78.8 

0.76 


1.5 

82.0 

67.7 

95.4 

0.71 


3.5 

101.3 

95.9 

105.6 

0.91 

8 

0 

4.78 

4.78 

4.78 

1.00 


1 

3.98 

1.53 

6.10 

0.25 


2 

4.04 

4.26 

3.80 

1.12 


3 

4.16 

2.36 

6.10 

0.39 


4 

3.67 

2.90 

4.40 

0.66 

9 

0 

63.8 

52.9 

71.9 

0.74 


0.5 

62.9 

25.9 

87.6 

0.29 


1 

70.7 

66.4 

73.7 

0.90 

1 

2 

58.0 

37.6 

70.7 

0.53 


3 

55.3 

31.3 

72.1 

0.43 


4 

43.0 

20.8 

56.8 

0.37 


Diabetic Subjects 

On the basis of previous studies we divide diabetic subjects, with respect 
to their response to glucose feeding, into two main categories. Those in 
the first exhibit a tendency towards rising ketonemic levels; those in the 
second show a rather consistent decrease of ketonemia. Patients belonging 
to the latter group behave much like the healthy individuals whose ketosis 
resulted from fasting or a carbohydrate-deficient diet. In a previous 
paper, this difference was attributed to differences in the liver function of 
the patients (5). 

Tables IV to VI contain results of observations on representative cases 
of the first category. As may be seen in Table IV, the distribution of. total 
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ketone bodies between corpuscles and plasma sliowed cliangcs quite dif- 
ferent from those ol)S(!rmI in licalthy individuals (c/. Table I); t.c., instead 
of a consistent increase of llie distribution ratio in favor of the corpuscles, 
considerable and rather irregular fluctuations occurred. In Subject 7 the 
ratio showed a tendency to increase at the end, somewhat as in healthy 
subjects, but in Subjects 8 and t) the opposite tendenej' was in evidence 
during the 3rd and 4th ho\irs after glucose feeding. 

Taiii.j: V 

Effect of Glucose Feeding upon Distribution of Acrtoacetie and p-IIydcoxyhiityric 
Acids i>i lilofld of Diabetic Subjects 


0 ratio 


St 

S2 

72 

73 

70 
GO 
76 
75 
63 

73 
78 
78 

74 
72 

71 
71 
71 

71 
70 

72 


Likewise, the response was entirely different from the normal as regards 
the changes in the relationship between /5-hydrox'ybutyric acid and aceto- 
acetic acid. As may be noted in Table V, the /3 ratio showed at no time 
any appreciable decrease either in the corpuscles or in the plasma, and the 
actual amount of /5-hydroxybutyric acid tended to increase at such periods 
at which it completely disappeared in non-diabetic ketosis. The main- 
tenance of high jS ratios was more consistent in the plasma than in the 
corpuscles. 




Coriui<cle< 

rb’ima 

Subject 

Ko. 

Time after 
rIucosc 

Aceto- 

neclic 

acid 

nyiifOX>'* 

butyric 

acid 

Total 

ketnne 

bodies 

fi ratio 

AcetO' 

acetic 

acid 

llydrony* 

butyric 

aetd 

Total 

ketone 

bodies 


hrs . 

rt.c. 

ffr cent 

mg. 

fer cent 

f‘er cent 


nf. 

frr tent 

mg. 

fer cent 

me. 

fer tent 

G 

0 

8.47 

0.02 

8.19 

0.2 

7.20 

31.5 

38. 7 


0.5 

12.4 

10.1 

28.6 

57 

9.10 

40.7 

49.8 


1 

4.87 

17.0 

21.9 

78 

14.3 

30.3 

50.0 


2 

10.0 

8.09 

18.7 

47 

11.8 

.32.0 

44.4 


3 

9.00 

39.3 

48.3 

81 

9,00 

20.8 

29.8 


4 

11.9 

24.5 

36.5 

07 

15.3 

34.5 

49,8 

7 

0 

29.1 

31.1 

00.2 

52 

19.1 

59.8 

78.8 


1.5 

39.2 

28.5 

07.7 

42 

23.5 

71.9 

95.4 


3.5 

54.5 

41,4 

95.9 

43 

23.8 

81.8 

105.0 

8 

0 

1.31 

3.47 

4.78 

73 

1.31 

3.47 

4.78 


1 

0.43 

1.20 

1.63 

62 

1.40 

4.70 

6.10 


2 

1.76 

2,50 

4.26 

59 

0.80 

3.00 

3.80 


3 

1.20 

1,10 

2.36 

49 

1.70 

4.40 

6.10 


4 

1.04 

1.80 

2.90 

04 

1.20 

3.10 

4.40 

9 

0 

23.3 

29.0 

52.9 

56 

21.2 

50.7 

71.9 


0.5 

10.7 

15.2 

25.9 

59 

24.9 

62.7 

87.6 


1 

27.1 

39.3 

66.4 

59 

21.5 

52.2 

73.7 


2 

22.7 

14.9 

37.6 

40 

20.3 

50.4 

70.7 


3 

10.9 

20.4 

31.3 

65 

21.7 

50.4 

72.1 


4 

8.30 

12.5 

20.8 

60 

16.1 

40.7 

56.8 
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The difference between this group of diabetic patients and healthy in- 
dmduals was just as marked in the urine as in the blood. As it maj-^ be 
seen in Table VI, the relative quantities of ^-hydroxj-butyric acid have not 
appreciabl}' changed in the course of the entire 4 hours after glucose feeding. 
During the 2nd hour, when /3'hydroxj’but3’ric acid had completelj’’ disap- 
pearedfrom the urines of hcalthj’ subjects (c/. Table III), the three diabetic 
subjects showed /3 ratios of 73, 70, and 82, rcspectiveh', values of the same 
order of magnitude as one finds in fasting or in postabsorptive states. 

Diabetic patients belonging to the second categorj’-, who respond to 
glucose feeding with a progressive decline of the ketonemic level, as do 


Table VI 

Effect of Glucose Feeding on Relationship between Acetoacetic Acid and 


p-Hydroxybutyric Acid in Urine of Diabetic Subjects 


Subject 

No. 

Time after 
glucose 

Acetoacetic acid 

, ^-Hydroxybutyric acid 

Total ketone bodies 

fi ratio 


krs. 



fnf . ftT ctnt 

nz. kr, ' 

ng. per ctnl | 

mg. per hr. \ 


6 

0 

55.0 


120.0 


175.0 


69 


1 

28.1 


96.2 

156.0 

124.0 


77 


2 

16.5 


44.0 

116.3 

60.5 


73 


3 

16.6 

78.5 

43.8 

206.7 

60.4 

285.2 

73 


4 

20.0 

78.8 

118.0 

460.4 

138.0 

539.2 

85 

7 

0 

48.6 


167.0 


215.3 


78 


1 

54.0 

184.0 

139.0 

471.0 

193.0 


72 

! 

2 

53.0 

249.0 

123.0 

579.0 

176.0 

829.0 

70 


3 

40.0 

209.0 ' 

129.0 

672.0 

169.0 

881.0 

76 


4 

50.0 

111.0 

131.0 

287.0 

181.0 

398.0 

73 

10 

0 

47.0 

47.0 

145.0 

145.0 

192.0 


76 


1 

53.0 

127.0 

187.0 

448.0 

240.0 

576.0 

78 


2 

68.0 

60.6 

298.0 ! 

269.0 

366.0 

329.0 

82 


3 

65.0 

51.9 

278.0 ! 

223.0 

343.0 

275.0 

76 


4 

109.0 

65.5 

371.0 

223.0 

480.0 

287.0 

77 


healthy men (although at a lower rate), also show tendencies in the direc- 
tion of normal as regards the changes in the relationship between /3-hy- 
droxybutyric acid and acetoacetic acid, both in blood and urine. This 
fact is illustrated by an example. Subject 11, in Table VII. As may be 
seen, in the blood the /3 ratio began to decrease during the 2nd hour after 
glucose feeding, and continued to decline throughout the 4 hour period. 
This decrease was more delayed and distinctly less extensive than in non- 
diabetic subjects. A similar change has occurred in the urine; namely, 
the ^-hydroxybutyric acid has at no time disappeared as in fasting ketosis, 
and yet the )3 ratio dropped from the postabsorptive level of 70 to 53 during 
the 1st hour after glucose feeding. This drop was then followed by an 
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incrcnsc durinp the n'mnindcr of tlic •! hour period (r/. Table III). It may 
he staled then that in this pronp of diabetic individuals glucose feeding 
elicits changes l)oth in ketonemia am! ketonuria that show the same 
tendency as the changes in healthy svibjects. There is only a quantitative 
ditTercncc, in that the changes in the diabetic proceed at a diminished rate. 

Subject 12 was included in Table VTI to emphasize further the great 
differences bet ween bloo<l and urine in the changes in the ratio after 
glucose feeding. This individual belongs to the fir.st category of diabetics; 
namely, to the gro\ip that does not res]5ond with a consistent dccrca.se in 

VII 


Comparison of Effect of Glucose Feeding on Changes of P Ratio in Blood and Urine of 

Diabetic Subjects 



1 

1 


Whole bloof! 



Urine 


Subject 

No. 

Time after 
rIucosc 

Aceto* ' 
acetic 
acid 

P Hy i 

droxy* 

butyric 

aetd 

' Toial 1 
* helone 

! i 

' ratto ; 

I Acelo* 
f acetic 
acid 

^Hy. : 
droey- ' 
butyric ! 
aod j 

Total 

ketone 

bodies 

P ratio 


h,u 

mg. ptr 
cent 

i mg. p<r 
ernt 

1 mg. /er 

1 cfnt 


mrttr 

1 cent j 

1 

cent ; 

nt. fer 
tint 

i 

11 

0 

2. CO 

8.40 

11.0 

76 

! • i 
[ 1 


• 

70 


0.5 

2.00 

4. 46 

6.45 

69 

47.4 

70.6 

118.0 

70 


1 

2.00 

5.30 

7.30 

76 

13.5 

30.5 

57.4 

S3 


2 

l.CO 

2.90 

4.50 

64 

28,0 

32.9 

60.9 

55 


3 

1.50 

3.00 

4.50 

67 

17.4 

37.8 

55.1 

69 


4 

1.90 

2. SO 

4.70 

CO 

11.9 

17.8 

29.7 

60 

12 

0 

1.C3 

5.17 

6.80 

70 1 

• 

• 1 

♦ 

36 


0.5 

1.12 

3. SO 

4.92 

77 






1 

1.15 

4.17 

5.32 I 

78 

3. 88 

0.05 

3.93 

1 


2 

1.59 

5.17 

6.76 

70 

n.i 

0.6-1 

11.7 

6 


3 

1.59 

4.66 

6.25 

75 

4.34 

1.98 

6.32 

31 


4 

■1.14 

3.05 

4.19 

73 

4.54 

4.72 

9.26 

51 


* The interval of time during which the specimen was excreted is unknown; hence 
the rate of excretion of ketone bodies could not be calculated. The concentration of 
acetoacetic acid and /8-hydroxybutyric acid at 0 hour was as follows: in Subject 11, 
25.0 and 57.3 mg. per cent; in Subject 12, 7.71 and 6.32 mg. per cent. 

the ketonemic level. As in other eases of this group, the ^ ratio in the 
blood remained virtually unaltered during the 4 hour period after the 
administration of glucose. The changes in the urine, on the other hand, 
were entirely unexpected. Here the j8 ratio (which was already excep- 
tionally low in the postabsorptive state) dropped steeply in the first 2 hours 
and then increased, much as in the fasting ketosis of healthy subjects. 

The divergence between the changes of the p ratio in the blood and urine 
after glucose feeding was conspicuous enough in our non-diabetic subjects 
(c/. Table III). It is evidently due to a reversible conversion between 







I. E. STAHK AND M. SOMOGYI 


729 


acetoacetic acid and /S-hj’droxj'butjTic acid, which has been known to occur 
in the kidney. Subject 12 (Table VII) wndly illustrates how e.Ytensive 
this effect of the kidney can be. It is a warning against the injudicious 
use of data of urine analysis as the basis of conclusions concerning the 
changes of the ketone bodies in the living organism. To explore these 
changes one must resort to the analysis of blood and other tissues. 

The most notable change in the blood, recorded in this report, is the 
rapid decrease and eventual complete disappearance of /3-hydroxybutyric 
acid* while measurable amounts of acetoacetic acid are still present. This 
occurs when glucose feeding e.xerts its fat- (and protein-) sparing effect 
in the liver and, in consequence, the liver ceases to produce and transmit 
to the blood excessive amounts of ketone bodies. In other words, two 
facts, namely the suppression of hepatic ketone production and the disap- 
pearance of ^-hydroxj'but3Tic acid from the blood, appear to be in a simple 
causal connection, implying that the ketone body supplied bj' the liver is 
mainly, if not exclusivelj', /3-h3’’droxj’butyric acid. This inference is at 
variance with the widel 3 '’ held ^new that the parent ketone bod 3 ' formed in 
the tissues is acetoacetic acid. In our opinion no evidence presented thus 
far to support either of the two conflicting ^^ews can be regarded as con- 
clusive and unequivocal. 


SUMMARY 

In postabsorptive states the ratio of /3-hydrox3'but3'ric acid to aceto- 
acetic acid in blood and urine, as also of the distribution of the two acids be- 
tween corpuscles and plasma, is independent of the ketonemic level; in this 
respect no difference exists between healthy and diabetic subj ects. Glucose 
feeding elicits the following changes. 

1. In the blood of health 3 ^ persons, in the state of hunger ketosis, the 
concentration of ketone bodies decreases faster in the plasma than in the 
corpuscles; this leads to an inversion of the distribution ratio (total ketone 
bodies in corpuscles)/(total ketone bodies in plasma), which in the post- 
absorptive state is below unity. 

2. The P ratio (100 X /3-hydroxybut3'ric acid)/(total ketone bodies) 
decreases consistent^' and drops to zero during the 3rd and 4th hours after 
glucose feeding, so that at these intervals the ketone bodies are represented 
by acetoacetic acid alone. This change proceeds faster in the plasma 
than in the corpuscles. 

‘ It is in order, perhaps, to remark here that the disappearance of p-hj'drox3’butyric 
acid can be demonstrated only by analytical methods that are sufficiently selective 
for acetone. B5' simply measuring the mercurj’ content of the DenigJs precipitate, 
as for example in Crandall’s technique (6), one alwa3's obtains positive values for 
P-hydroxybutyric acid. 



730 


DisTunuJTioN or Kin'ON'i: hodiks 


3. In the urine of llicKc .suhjcicfs the ft ratio flecro.n.so,s more rapidly than 
in the blood and the /5-hydroxylni lyric acid completely disappears about 
an hour earlier than in the blood. In contrast to the blood, however, it 
emerges again at an increasing rale during the 3rd and dth hours. 

d. Diabetic patients, wiiose livens have retained to an ap[)rcciablc degree 
the ability to utilize carbohydrate, respond to glucose feeding ns do healthy 
individuals, with a din'orence only in the rate of the process. 

5. Diabetic patients of another category, i.c. those whose livers arc un- 
able to utilize appreciable amounts of carbohydrate and, in consequence, 
maintain (or more often increase) their ketoncmic. level after glucose feed- 
ing, show no significant cliangcs in the blood. I'lie fiistrilnition ratio bc- 
t.wccn corpuscles and plasma, ns well iis the /9 ratio, remains substantially 
the same as that in the postabsorptive slate. As a rule, this applies also 
to urines of these patients, but there arc e.vccpiions. 

6. The frequent divergence between the changes in blood and urine, due 
to oxidation-reduction processes in the kitlncy, suggests that studies of the 
metabolism of ketone bodies should include analyses of blood and of other 
tissues, since data derived from the urine alone maj' bo misleading. 
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THE EFFECT OF INSULIN UPON THE QUANTITATIVE RELA- 
TIONSHIP BETWEEN ^-HYDROXYBUTYRIC ACID 
AND ACETOACETIC ACID IN BLOOD AND URINE* 

By IRENE E. STARK as-d MICHAEL SOMOGYI 
{From the Laboratory of the Jewish Hospital of St. Louis, St. Louis) 
(Received for publication, January S, 1943) 

In a preceding report (1) we described cases of diabetic ketosis in which 
glucose feeding fails to produce appreciable changes either in the distribu- 
tion of ketone bodies between blood corpuscles and plasma or in the jS ratio 
(100 X ^-hj'droxj'butyric acid)/(total ketone bodies) of blood and urine. 
These subjects, in contrast to those with non-diabetic ketosis, tend to 
respond to glucose feeding with an increase of the ketonemic level and of 
ketonuria and require massive doses of insulin for the suppression and aboli- 
tion of ketosis. Their condition is attributed to the impaired ability of the 
liver to store glycogen and to bum carbohydrate, a deficiency that can be 
corrected only bj' the administration of adequate amounts of insulin which 
acts by inhibiting hepatic glycogenolysis (2). The purpose of our experi- 
ments was to compare the effects of insulin (combined with carbohydrate 
feeding) upon the distribution and ^ ratios in this type of diabetic ketosis 
with the effects of glucose feeding in fasting ketosis. 

The insulin requirement in severe diabetic ketosis is always large; in- 
dividual variations, however, are considerable and unpredictable, so that 
overinsulinization may entail hypoglycemic episodes. Since hjqjoglycemia 
causes an increase in ketosis, and thus reverses the antiketogenic effect of 
insulin (3), we were careful to forestall hj’poglycemia by always keeping 
the blood sugar well above normal postabsorptive levels by timely admin- 
istration of glucose. At the same time care was taken to maintain a posi- 
tive balance between carbohydrate administered and glucose lost in the 
urine in order to ascertain that substantial amounts of carbohydrate were 
utilized by the organism. 

Under these conditions the distribution of ketone bodies between corpus- 
cles and plasma as well as the P ratio changed in diabetic patients in the 
same general direction as in non-diabetic subjects after glucose feeding 
(without insulin injections). Evidence to illustrate this fact is presented 
in Table I . As regards the distribution of ketone bodies between corpuscles 
and plasma in the postabsorptive state, it may be seen that, as in healthy 
individuals, the concentration was markedly higher in the plasma than in 
the corpuscles. But after glucose utilization had started, within some 

* This work was aided bj' the Helen Yonkers Research Fund. 
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liouis uflor tlu* injt'clioii of in.'nilin, the diMtrilnilion rnlio sliiftcd in favor 
of tiu' colls; i.f., the (loclino was faster in the plasma than in the colls, just 
ns in non-diahotic la'tosis. 'j'his resixmse was considerably slowed down 
in the instance of patient L. L., in deep coma, who was inueh more resistant 
to insulin action than were the other two patients. 

Tile p ratio, as may he noted, deer<>ase<l .siihstantinlly after insulin action 
had taken elTect; in other words, the concentration of ^-hydroxybutyric 
acid decreased faster than the concentration of acetoacetic acid. The 
shift in the relationship between the two acids was more prominent in the 


Tahi.j; I 

Effect of Inaulin ii/ioh Di.itril'uliou of Acetoorrlt'c Acid end fi-lfi/drozybuhjric Acid 

in lilood of Diahrlic. Euhjccts 



j 


Corpy^eJet 


riisma 

Palicnl ami ttmarVs 

Time ; 
allff j 
in^uUn 

Actio* 

! Rfcik 
ftcitt 

i 

liutyric 

acitl 

1 

1 Total 
: ketnne 

j liodift 

fi faiio 

! 

Aceto- 

Acelic 

ftcid 

itroxy* 

bulydf 

acid 

ToUl 

ketone 

bodies 

tsUo 


hn ! 

1 

i 

: "f 

nr ' 
f-er {rnt 

1 ^ 

1 nr. 
ffr ttn( 


nr. 

ftr (ml 

nf. 

f-tr (ent 

nr. 

ptr <eni 


L. L. Admitted in 

0 

03.4 

82. 9 

142.3 

57 

92.8 

81.3 

177.0 

4S 

comn; received 200 

G 

43.1 

5S.4 ! 

101.5 

5S 

115.0 

93.9 

209.0 i 


units insulin duriiiR 

13 

32.0 

3.21j 

35.8 

9 

21 .2 

3.22 

24.4 

13 

first 4 hrs. after ad- 
miasion 

19 

14.7 

3.00 

17.7 

17 

9.28 

2.9S 

12.3 

24 

M. R. Severe ketosis; 

0 

40.0 

48.3 

88. 2 

55 

44.4 

98. 0 

143.0 

69 

received t5 units in- 

2 

52.0 

28.2 

80.8 

35 

40.5 

41.2 

81.7 

51 

sulin on admission 

0 





i 30.0* 

4.70* 

34.7* 

13* 

S. B. Severe ketosis; 

0 





57.0* 

93.7* 

104.0* 

CG* 

received 55 units in- 
sulin during 4 hrs. 
after admission 

G.5 ! 

1 

00.0 

14.0 

1 74.0 

i 

19 

•10.8 

22.0 

03.4 

36 


* These data represent the analysis of whole blood : the samples were not sufficient 
for the analysis of the plasma. 


corpuscles than in tlie plasma, especially in the more advanced stages of 
the process. These changes arc of the same character as those observed 
in healthy subjects, with the sole difference that they proceed at a lower 
rate in diabetic ketosis, and in particular in the state of coma. It is due 
to this diminished rate that in no case of diabetic ketosis has the complete 
disappearance of /3-hydroxybutyric acid been observed, whereas .in non- 
diabetic ketosis this occurs within 3 to 4 hours after glucose feeding. 

These changes in diabetic and non-diabetic ketosis then are due to the 
same cause; namely, to the fat- and protein-sparing effect of carbohydrate 
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in the metabolism of the liver. Ketosis in the diabetic organism is due to 
an unbridled hepatic gh’cogcnolysis. Hand in hand with the inability of 
the liver to store glycogen goes its inability to use carbohydrate to cover its 
own fuel requirement. As a residt, fats and proteins are used and abnormal 
amounts of ketone bodies are transmitted to the blood. Then, when 
insulin begins to inhibit hepatic glycogcnolj'sis (besides enhancing the 
passage of carbobj'drate into muscle cells), the liver is again in a position to 
burn its preferential fuel, carbohydrate, and the oxidation of excessive 
amounts of fats and proteins, the source of ketone bodies, is suppressed. 
This is the same process that occurs in fasting ketosis as the result of carbo- 
hydrate feeding alone. 

Changes in the urines of diabetic patients, when ketonemia decreases 
under the action of insulin, are illustrated in Table II which contains the 
results of observations on two patients whose blood also had been studied. 
Urine samples were collected at brief intervals of time, without the loss of 
any fraction that was excreted over the entire period of the observations. 
It may be noted in both cases that after insulin action had become effective 
(as evidenced by utilization of carbohydrate) ketonuria began to diminish 
rapidly. Simultaneously the ^ ratio showed a moderate initial decrease. 
But whereas in fasting ketosis the /3 ratio was reduced to zero within 2 
hours after glucose feeding (t.c., /3-hydroxybutyric acid completely disap- 
peared from the urine), in the two diabetic patients it has not dropped 
below 55 and 60, respectively. After this initial decline the /3 ratio rose 
again and reached the preinsulin level, despite the fact that at the same 
time ketonuria continued to decrease substantially. The /5 ratio, then, 
changed here in the same manner as in fasting ketosis, with only a quanti- 
tative difference, inasmuch as the changes were less extensive and pro- 
ceeded at a diminished rate. 

In urine samples that were collected after the period in which the jS ratio 
had returned to the high basic level, a second drop occurred, which was 
considerably greater than the first. In both patients M. R. and S. B. the 
second drop has taken place during the 7th hour after the first insulin 
injection, the ^ ratio having decreased in the two cases to as low as 23 and 
33, respectively. This drop was again followed by a rise, notrvithstanding 
the fact that the rate of excretion of total ketone bodies has not increased. 
We consistently obtained similar results in studies of several other diabetic 
patients. 

These findings are at variance with the view (4) that the /3 ratio in the 
urine decreases whenever the rate of excretion of ketone bodies decreases. 
The fact seems to be that an initial decrease of the /3 ratio is followed by an 
increase and subsequently by another decrease. This is equally true for 
fasting ketosis under the influence of glucose feeding and for diabetic 
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ketosis under the influence of insulin action. In onr .study of fa.sting 
ketosis, however, wecouki record only one drop and tlie.sid)scqucnt incrca.se 
of the (i ratio, because the experitnents were confined to •! liour periods. 


’I'.Mii.r. II 


I'jJTect (>/ /tisiih'n u/ma Hi ldtioit.'ihip hrttrrrti Acrlmtcflic Acid iwl fl-ll}idroTijhuliiric 
.•Iri'd 111 I'rinr <>/ I)inl<i-tic Siihjn'l.'^ 


VAticill 


i 

M. R. i 


! 


S. B. 


i 

Timer ■ 

I'fmarlt 

Vat- 

I 

t 

Otuco*#* 

Acc!f>- 

atrlic 

acit! 

i fl- 
?lyc{foty- 
butyric 
acli! 

Tntai 

Vetone 

bodies 

B 

ratio 



ff 





etf . 

ng. 




f/r hr 

hr 

frr h. 

fit kr. 


l.tX)- a.rto 

Vtirnitcd 4-5 time.'' be- 

.570 

13.3 

Viio.o 

1821.0 

2234.0 

77 


fore insulin wns ^iven 



’ 




o.-to- 7.00 

25 units in.snlin at 5.30 

.i:io 

6 6 

'i.'is.o 

8.51 .0 

1289.0 

66 

7.00- 7. -15 

20 " " <• 7,30 

100 

5 3 

275.0 

.^^3,0 

60G.0 

55 

7.. 15- S.tiO 

15 pin. plucose intrn- 

65 

1.7 

1,30.0 

119.0 

579.0 

CS 


vonon.sly at 7.45 







S. 30-10. 00 

15 units in.snlin at 0.05, 

115 

0 5 

72.7 

160. 0 

2.33.0 

69 


21 pm. ('HO at 9.30 







10.00-11,00 

5 units insulin ami 25.5 

15 

0 

9.00 

.33.0 

42.6 

77 


pm. Clio at 10.15 







11.00-12.00 

57 gm. Clio at 11.00 

75 

0 

8.40 

2.10 

10.4 

23 

12.00- 2.00 

66 '■ •* 1.00 

110 

0 

11.5 

5.10 

10.6 

31 

2.00- 3.00 


200 

0 

31 . 1 

5.50 

39.6 

14 

3.00- 5.00 

33 “ “ •• 3.05 

’ 775 

0 

47.4 

6.20 

53.7 

21 

5,00- 7.00 


135 

0 

4.50 

6.50 

11.0 

59 

10.30-12.30 

40 units insulin .at 11.30 

450 

11 3 

230.5 

951.0 

1187.0 

SO 

12.30- 1.30 

24 gm. Clio at 1.30 

450 

13.5 

795.0 

1292.0 

20S7.0 

62 

1.30- 2.30 

IS “ " “ 2.00 

450 

5.8 

663. 0 

995.0 

1658. 0 

60 

2.30- 3.30 

15 units insulin at 3.00 

320 

11.2 

420.0 

703.0 

1129.0 

62 

3.30- 4.30 


140 

5.0 

108.0 

203.0 

311.0 

65 

4.30- 5.30 

2S.5 gm. CHO at 5.00 

85 

0.9 

25.0 

69.3 

94.9 

73 

5.30- 0.30 

2S.5 “ “ “ 6.05 

190 

0 

43.7 

21.9 

65. 6 

33 

6.30- S.OO 

48 gm. CHO at 6.45 

105 

0.6 

25.0 

59.0 

85.6 

69 

S.OO- 9.00 

74 “ “ •• 9.00 

280 

2.8 

17.0 

73.9 

91.5 

81 

9.00-10.00 

25 “ “ “ 9.10 

275 

n.o 

31.1 

32.2 

63.3 

51 

10.00-11.00 


300 

15.0 

70.5 

49.2 

119,7 

41 

11.00-12.00 

24 " " “ 11.40 

175 

S.S 

39.2 

20.7 

59.9 

35 


The waves in which preponderance of /J-hydroxybu'tyric acid alternates 
with the preponderance of acctoacetic acid can be observed onlj' when urine 
samples are collected at brief (1 to 2 hour) intervals of time. Collection of 
samples during longer periods necessarily blurs the picture. With the 
example presented in Table III we wish to demonstrate how misleading 
the analytical data of urines can be if this fact is ignored. In the instance 
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of patient L. G. blood samples, which were taken at 0, 6, and 10.5 hours 
after the first injection of insulin, showed the regularly recurrent picture; 
namely, a consistent decrease of the j3 ratio when the ketoncmic level 
declined. Urine samples which were excreted during 1 hour periods co- 
incident with the sampling of blood would indicate that the changes in the 
urine ran parallel with the changes in the blood. However, the analysis 
of intermediate hourly urine samples, presented in parentheses in Table 
HI, clearly shows the wave-like fluctuations of the ratio in the urine. 

Table III 

Effect of Insulin on Ketone Bodies in Whole Blood and Urine of Diahctie Suhjeel 
L. G., patient admitted in coma; received 285 units of insulin during the first 6 
hours following admission. The parentheses designate intermediate hourly urine 
samples. 


Time after 
insulin 

Blood sugar 

Whole blood 

Urine 

Aceto- 
acetic acid 

^-Hydroxy- 

butyric 

acid 

Total 

ketone bodies 

fi ratio 


P ratio* 

hrs. 

mg. per cent 

mg. per cent 

mg. percent 

mg, per cent 


mg. per hr. 


0 

822 

99.0 

198.0 


04 

701 1 

70 

(2.5) 







(07) 

(3.5) 






(2474) 


6 

520 

98.0 

08.0 


41 

131 

74 

7.5 

390 

80.0 

31.0 


28 


54 

10.5 

244 

44.2 

2.80 


0 

17.7 

40 


* These p ratios were determined on specimens excreted during 1 liour periods, 
t This is a postabsorptive sample collected at the time of admission; since tho 
length of time during which it was excreted was unknown, the value 701 represents 
mg. per cent and not mg. per hour. 


SUMMARY 

In severe ketosis of diabetic patients glucose feeding has no effect upon 
the quantitative relationship of ketone bodies in blood and urine. When 
such patients are enabled to utilize carbohydrate (circulating endogenous 
glucose or glucose administered either parcntcrally or orally) by the injec- 
tion of adequate amounts of in.sulin, the ketone bodies show changes of the 
same general nature as those in healthy subjects after glucose feeding. As 
the ketonemic level decreases, the distribution between corpuscles and 
plasma shifts in favor of the corpuscles, and the p ratio decreases gradually 
and consistently. The decrease is fa.ster in the plasma than in the cor- 
puscles. 

In the urine the p ratio first decreases, then increases, as it doe.s in non- 
diabetic persons. Exteasion of the observations over sufficiently long 
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pc’riod.s of fiiiu' (8 to 12 lioui-.-^), hoM<*Vfr, reveals the fact that after an 
initial decrease the ft ratio ai;ain rises and then drojis for a second time, and 
this wave-like ehan(;e repeats itself irrespective of the fact that the excre- 
tion of total ketone bodies diminishes. This finding is at variance with the 
view of ])revions workers aeeording to which the ft ratio always decreases 
when ketomiria diminishes. 
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FURTHER PURIFICATION OF CATECHOLASE (TYROSINASE) 

Br H. JENSEN’ and LEON E. TENENBAUM 
(From the Research Laboratories, The Upjohn Company, Kalamazoo) 

(Received for publication, December 11, 1912) 

In a previous communication (1) we described a method for the prepara- 
tion from the common mushroom, PsaUiola campestris, of a catecholase 
fraction, containing about 500 catecholase units per mg. of dry organic 
weight. 1 unit of catecholase activity was defined, according to Adams 
and Nelson (2), as the amount of enzj'me required to cause an oxygen up- 
take of 10 c.mm. per minute when the catechol-hydroquinone substrate 
was used. We wish to describe brieflj’’ a method of further purification of 
the enzyme by fractional precipitation with ammonium sulfate at pH 4.8 
to 4.9 and at a protein concentration of 0.5 per cent. 

EXPERIMENTAL 

To the dialyzed enzyme solution, obtained according to the method 
previously described (1), containing 500 Adams and Nelson catecholase 
units (2) per mg. of dr}' organic weight, 1 or 2 drops of saturated sodium 
hydroxide solution were added, and the pH was readjusted to 4.8 to 4.9 by 
the addition of glacial acetic acid. Any precipitate formed was removed 
by centrifugation, and the supernatant was brought to 0.25 saturated 
(c/- (1)) ammonium sulfate and allowed to stand overnight at room tem- 
perature. The precipitate was centrifuged off, and the supernatant 
brmieht to 0.35 saturated ammonium sulfate. This precipitation between 
0.25 and 0.35 saturated ammonium sulfate was repeated until only a small 
amount of material precipitated up to 0.25 saturation, and until very little 
material was left in the .supernatant of the 0.25 to 0.35 saturated ammonium 
sulfate precipitate. The final 0.25 to 0.35 saturated ammonium sulfate 
precipitate was dissolved in water and dialyzed until free from inorganic 
salts. 

The enzyme preparation thus obtained was found to contain about 1200 
Adams and Nelson catecholase units and 48 cresolase units per mg. of drj' 
organic weight. 1 unit of cresolase activity is defined as the amount of 
enzyme required to cause an oxygen uptake of 10 c.mm. per minute when 
acting on 4 mg. of p-cresol (3). The copper content, determined according 
to the method of Warburg (4) as modified by Nelson and Dills,* was found 
to be 0.20 per cent. 

‘ Nelson, J. M., and Dills, W. L., private communication. 
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A mcdioil for (ho furthor juinliontiou of (ho onr.ymc, catccholase (lyro- 
ainui^c), is (losorilu'tl. 'i'ho porilii'd (-[izyino prop!ira(ion was fojind to con- 
tain ahout 1200 A<!ains atnl Xolsnn o:i(ochohiso nni(s ami -IS crcsolasc units 
per ing. of dry organio weight. 'I'ho copper oontonl wu.s found to be 0.20 
per cent. 
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STUDIES RELATING TO THE USE OF LACTOBACILLUS 
CASEI IN MICROBIOLOGICAL ASSAYS 

By AMOS E. LIGHT and MIRIAM F. CLARKE 

(From the Burroughs (Vcllcome and Company, U . S. .4., Experimental Research 
Laboratories, Tuckahoc, New York) 

(Received for publication, December 2, 1942) 

It has been sho^vn by several groups of investigators (1-4) that the 
amount of acid or the degree of turbiditj' developed by Lactobacillus casei 
during an incubation period is proportional to the amount of riboflavin, 
pantothenic acid, or certain other vitamins in the various media which are 
described. However, recent studies (5, 6) have demonstrated that under 
certain conditions more than twice the quantitj' of acid formerly regarded 
as maximal can be produced. This would indicate either that some in- 
gredients of the original media were not present in adequate quantity, or 
that an additional growth substance was being added, or that both of these 
factors were operating. The purpose of the present work was to investi- 
gate the culture media and to study the characteristics of the dose-response 
curve obtained with graded amounts of pantothenic acid. 

EXPERIMENTAL 

The procedure of culturing Laclohacillus casei, American Type Culture 
Collection (No. 7469), and the method of inoculating series of tubes con- 
taining the media were those described by Pennington, Snell, and Williams 

( 3 ). 

After an incubation period of 70 to 72 hours, unless otherwise designated, 
the acid in each tube was determined by titrating to neutrality with 0.1 
N NaOH, brom-thymol blue indicator or a pH meter being used. 

True turbidity measurements (t.e. of light reflected at right angles from 
the incident beam) were made by means of a photoelectric colorimeter* 
fitted uith a brown filter to nullify the color of the cultures. The 18 X 
150 mm. test-tubes used in the assays were employed directlj' in the 
colorimeter. Calibration of this instrument ■with standard barium sulfate 
suspension (7) showed that there was a linear relation between the log- 
arithm of the cc. of barium sulfate suspension and the turbidity reading 
between galvanometer deflections of 10 and 65. Because of the large 
number of bacteria in suspension it was found necessary to dilute the con- 
tents of the culture tubes, usually from 10 to 40 cc., with 0.85 per cent saline 
solution in order to obtain valid measurements. 

' Lutnetron. 
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TraiiHinittwl li^lit. wns incnstirod in the same colorimeter which was also 
staiiclanlizcd for this prorediiro with hariiim siilfnlc suspension. A 
stnuKht line wa.s prodiieed when the loparilhm of the co, of barium sulfate 
suspcMision wn.s plotted iif'ainst the optical density, the logarithm of the 
ratio of incident light to transmitted light (log /«//), between readings of 
0.2 and 1.1 on the dial which wn.s calibrated in the log ratio. Dilutions 
wore also necessary for these measurements. 

Cell volume was determined by use of Van Allen hematocrit tubes. The 
lubes were entirely filled with the thoroughly .shaken bacterial suspensions 
and the volumc.s occupied b\' the eelhs were mca.surcd directly after cen- 
trifuging under .standard conditions. 'I'he hematocrit tubes were cali- 
brated for actual volume by weighing flietn first empt.v and then com- 
pletely filled with water. The per cent cell volume was calculated from 
thc.se data. 

It is convenient in dealing with very wide dose ranges and also for pur- 
poses of biological a.s.say to plot the ro.sponse against the logarithm of the 
dose; consequently all results arc .so treated in I'igs. 1 to 3 and 5. 

Results 

Effect of Rice Polishings Concentrate — Since much greater amounts of 
acid were produced when large doses (quantity per test-tube) of rice polish- 
ings concentrate- were added to (bo medium of Pennington, Snell, and 
Williams than when amounts of pure calcium pantothenate alone (5) were 
added, it was obvious that the medium used could be improved. It was 
found that the treated yeast extract could be rc])]accd with thiamine hydro- 
chloride, nicotinic acid, and pyridoxinc hydrochloride as suggested by Silber 
and Unna (S) with resulting increase in the slope of the calcium pantothe- 
nate curve. With the medium thus modified the acid production of 
Lactobacillus casci was studied with graded doses of calcium pantothenate 
and of rice polishings concentrate (Fig. 1). A range of dosage apjwoxi- 
mately 4000-fold was employed for both. A maximum of 9.5 to 10 cc. 
of 0.1 N acid produced in 72 houi-s was never exceeded when calcium panto- 
thenate was used, whereas with rice polishings concentrate, after a similar 
plateau is reached at that level, increased dosage caused a shai-]) rise in acid 
production up to 22 cc. The cuiwes in Fig. 1 indicated also that most of 
the acid production occurred during the fii-st 48 hours and that the slopes 
of the initial steep linear portions of the standard calcium pantothenate 
curves were approximately equal to the slopes of the corresponding portions 
of the curves for the rice polishings concentrate. 

The high acid production resulting when large amounts of the rice polish- 
ings concentrate w-ere present is not to be explained on the basis of buifer- 

» Ryzamin-B, Burroughs Wollcome and Company (U. S. A.), Inc. 
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iflg action per se. Titrations of 10 cc. of medium containing the highest 
dose, 437 mg., used in this experiment showed that the buffering capacity 
was the same as that of the medium itself, since nearly equal quantities of 
0.1 N HCl were required to titrate both solutions to pH 4. The above dose 
of the concentrate introduced less than 1 cc. of 0.1 n acid into the medium, 
an amount insignificant compared with the acid produced by the micro- 
organisms. 

Curv'es of turbidity and of optical density (Fig. 2) resemble the acid 
production curs’e except that the plateaus are less distinct and shorter. 



Fig. 1 . Curves relating graded doses of calcium pantothenate and of rice polishings 
concentrate to cc. of 0.1 n acid produced during 24, 48, and 72 hour periods. Doses 
of calcium pantothenate up to 160 y have been used without any increase in titration 
above 10 cc. 

This suggests that cell production may have continued when acid produc- 
tion has stopped in the middle dose range of the rice polishings concentrate. 
Added evidence that cell multiplication and acid production may not 
have been running parallel was supplied by the hematocrit studies (Fig. 2). 
Lack of correspondence between these two criteria along with the ability 
of the large doses of rice polishings concentrate to produce acid above the 
plateau level indicated that optimal conditions for bacterial metabolism 
were not present in the medium employed. 

Addition of Glucose — Since the rice polishings concentrate contained 
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uhoul GO pi>r cctit of fiiul Iho lucdium contninwl only enough glucose 
lo a prodm’linn of nl>ou( 1 1 ce. of O.I n hiclie acid, it appeared that 

the earhohydrate might he the faet«»r limiting acid production with large 
amounts of pure calcium paidolhcnatc and with the intermediate plateau 
levels of the concent nil<'. 'I’lierefore, glucose was added to each of the 
lower doses of the rici; polishings concentrate until the level of the carbohy- 
drate (2()2 mg.) in the highc.st dose was reached, 'l iiis was in addition to 



L OG MICROGRAMS RICE POLISHINGS CONCENTRMI perlOcc. TEST TUBE 


Fig. 2. Compaiison of four methods of estimsKing the perform.-inco of Lactobacillus 
casci in 72 hours of inrubntion; gr.adcd doses of rice polishings concentrate plotted 
against acid production, transmit ted light determinations (optical density), turbidity 
readings, and hematocrit values. 

the amount already in the medium, 100 mg. per test-tube. A curve re- 
sulted with a shorter and more elevated plateau at the middle part of the 
dose range (Fig. 3). This indicated the possibility of still further improve- 
ment in the medium before the cunm could become straightened out with 
removal of the central plateau. However, with the added glucose, cell 
development did parallel the acid production as indicated in Fig. 4, where 
the hematocrit values are plotted against tlie cc. of acid produced. 

Doubling the glucose content of each tube in a series of dilutions of cal- 
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cium pantothenate did not increase the slope of the dose-response curve 
but did elevate the plateau level considerablj'. Thus, with 0.6 y of cal- 
cium pantothenate and 200 mg. of glucose, 13 cc. of acid per tube were 
produced. 

Addition of Other Purified Substances — ^Experiments vdth pure calcium 
pantothenate were continued. It was found that when a supplement 
containing several of the possible groni;h stimulants present in the rice 
polishings concentrate was added to the medium fortified with 362 mg. of 
glucose per test-tube, the plateau value was increased to 16 to 17 cc. of 
0.1 K acid. This supplement contained the following in micrograms per 
test-tube: thiamine hydrochloride 100, p 3 'ridoxine hydrochloride 100, 




Fig. 3 Fic. 4 

Fig. 3. Curve relating graded doses of rice polishings concentrate to acid produc- 
tion, n-ith glucose added to equal the amount present in the largest dose of the 
concentrate used. 

Fig. 4. Curves relating hematocrit values to acid production, with and without 
the addition of glucose to the graded doses of rice polishings concentrate. 

nicotinic acid 450, choline chloride 12,000, inositol 12,000, biotin^ 2, and 
added riboflavin 100. However, this titration figure still falls short of that 
obtainable with the rice polishings concentrate. 

When the medium of Landy and Dicken (2) became available, this was 
used with added glucose, 400 mg. per test-tube, so that insufficiency of sub- 
strate would not become the limiting factor in the production of acid by 
Lactobacillus casei. A few other modifications were also made (jMedium A, 
Table I). A satisfactory dose-response curve for the calcium pantothenate 
series resulted (Fig. 5) with a steep linear portion ending on a high plateau 
for maximal acid production. Likewise, the curve for the rice polishings 

’ Concentrate of biotin, 100 y per cc., from the S. M. A. Corporation. This was 
the only substance used in the supplement which was not in pure form. 
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concentrate Avna improved by eliminatiotj of tiie platoan in tiic middle dose 
ranp;c. 'bhe improvement in tl\i!; care mnns to be. due mainly to aspara- 
pino, for ita omission rodnees the maximum acid value from 20 to 15 cc. 
The traces of imptirities known to be jiresent in c.i’. asparaKinc (0) maybe 
responsible for some of the effect observed. 


Taiii.i; I 

Iitgrfilirnh oj MmUfir'i Merlin 


Tlip inRrcdionl.t wore dilated to 100 re. after .•alja“>tmrnt of Ibe pll to 0.8. 5 cc. 
of this solution were suhscqurntly diluted, in the iis.'i.'vy, to 10 ee . hy the addition of 
the solutions contnininp pantothenic acid. 



A 

^tCl!i^!R^ n 

Mediuni C 

Peptone preparation (3),* cc. . . . 

Casein hydrolysate (3), ce 

•* " (2), " 

Na acetate, anhydrous, pm 

20 

0.72 

20 

•1 

40 

i 

Glucose, gilt 

8 

8 

B 

f-Asparaginc, mg 

50 

50 

50 

Z-Tryptophano, mg 

20 

1 20 ' 

20 

Z-Cj’sline, mg 

20 

20 

20 

Salt Solution A (3), cc 

1 

1 

1 

'• “ B (3), “ 

1 

1 

1 

Guanine HCl, mg 

1 

1 

1 

Adenine SOt, “ 

1 

1 

1 

Xanthine, mg 

1 

1 

1 

Uracil, mg ' 

1 

1 

1 

Thiamine HCl, mg 

2 

2 

2 

Riboflavin, mg 

O 

2 

2 

Pyridoxine HCl, mg 

2 

2 

2 

Nicotinic acid, “ 

9 

9 

9 

Choline chloride, “ 

20 

20 

20 

Inositol, mg 

20 

20 

20 

Biotin (free acid),-)' 

8 

S 


Folic acid,t y 

2.5 

2.5 



• The figures in parentheses represent bibliographic references, 
t A folic acid concentrate, 5.5 per cent pure, was kindly furnished by Dr. R. J. 
Williams, Department of Chemistrj-, The University of Texas. 


Equally satisfactory or slightly better cuiwes of response with lower 
blanks and higher plateau values were obtained by using the purified in- 
gredients of Medium A with the treated peptone and casein used by Pen- 
nington et al. (3) (see Medium B, Fig. 5 and Table I). It should be ob- 
served that with both of these media the higher doses of the rice polishings 
concentrate produced an upward trend from the plateau level of the cal- 
cium pantothenate curve, suggesting an additional stimulating factor. 
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However, since only the linear portion is used for assays and since the 
standard calcium pantothenate cuirm closelj' parallels the one for the con- 
centrate, this factor may be disregarded when the concentrate is being 
a^yed for pantothenic acid. 

Other Growth-Slimtilating Factors — ^That Medium B is capable of still 
further improvement is indicated bj’ the fact that considerably higher titra- 
tions, between 35 and 40 cc. of 0.1 N acid, were produced when large 
amounts of yeast concentrates^ or of liver extract^ were tested wdth sufficient 
substrate. It is not knorni whether the extra stimulating factors are 
qualitatively or quantitatively different from those present in the basal 
medium. Pantothenic acid alone is apparently not this stimulating factor. 


u- 

•b 

U 

-glt- 

O 

o 

X 

^12 

o 

o 

A 


Zoa Af/crocraau fo/ishiipj Ccnzcntfatc p^r Test Tube 

- 16 I , -oa , -Os-4 , 0:0 I 0:4 t Orb , \-Z t 1:6 i 2-.0 , 

Lo^ Miere^ams Ca Pentoihenete Test Tube 

Fig. S. Curves relating graded doses of rice polishings concentrate and calcium 
pantothenate to acid production. For Media A and B see Table I and the text. 

because amounts of the pure substance much greater than that required 
for a 20 cc. titration value did not increase this maximum figure. It 
appears that biotin and folic acid may be ruled out also, for doubling the 
amounts of these present in Medium B, with maximum calcium panto- 
thenate present, also resulted in titrations of 20 cc. The addition of glu- 
tamic acid to Medium B, suggested as a growth stimulant for Lactobacillus 
casei (10, 11), caused no greater response. 

The omission of asparagine resulted in lower titrations, as would be 

'Two yeast preparations were used: Bacto-yeast extract, Difeo Laboratories, 
Inc., and a concentrate from the Yeast Products Corporation. 

‘ Lilly. 
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t’xj)(Tl(’(i (‘1, 10). H()\v(;vor, biotin and folic acid may botli be omitted, for 
their removal resulted in no clinnpe in the re.sponsc to graded Fuhmaximnl 
nmounfa of pure calciunv pantothenate. If m.ny he assumed, therefore, 
that the ciisein and peptone pn'parafion.s provide enough biotin, folic acid, 
and glutamic acid for IjirtohnnUnR rrtxri. 

Conlimual .study of the media ha.s shown that the ca.soin hydrolysate 
may he omitted entirely if the peptone is doiddcd. With thi.s modification 
(Medium C, 'J’ahle 1) the most .satisfactory do,se-rc.s[)on.se cun'c was ob- 
tained, which was linear between do.se.s of 0.0 1 and 2IiC> y. The resulting 
ro.?ponscs were from *1.5 to 22.5 cc. of 0.1 .v acid. The range of dose for- 
merly u.sed with the unmodified medium emjdoycd previous to these 
studies was 0.0! to O.M y\ the response.s were from about *1.5 to 9.5 cc. of 
0.1 N acid. The re.sult.s with incre.ascd peptone suggc.st that thi.s material 
funushes additional suh.stancc.s not lierctofore prov’ided in adequate 
amounts by the media, oven to the extent of added briffcr action (12). 

When the photolyzed peptone preparation of Snell and Strotlg is sub- 
stituted for the peptone in Medium C, and riboflavin is replaced by cal- 
cium pantothenate, preliminary studies have indicated that the medium 
thus modified is satisfiictory for the as.say of riboflavin. Cun-cs of response 
show a similar relationship between the logarithm of the dose and titra- 
tion values. 

Assay Procedure — In the planning of pantothenic acid as.says, doses are 
selected so that the responses will fall upon the linear i)ortion of the dose- 
responso cun'c. Doses of both the unknown and the standard are in- 
creased step-wise, each dose being 1.5 or 2 times (ho next lower dose. 
Three or more levels arc used and each set up in triplicate, the titration 
method being employed to determine the response. For certain products, 
preliminary treatment is necessary in order to obtain maximum jnelds of 
pantothenic acid. For instance, predigestion of yeast extracts with malt 
diastase' increases the pantothenic acid potency considerably, as has been 
previously described (13). 

From the data thus obtained, the potenc}’ maj' be determined con- 
veniently and its accuracy evaluated by plotting all points on a semi- 
logarithmic dose-response cuiwe and then cmplojdng graphic interpreta- 
tions based on such statistical methods as those described by Bliss (14, 15). 
In assays of the above design, the slopes of the dose-effect cunms have 
usually been between 9 and 11. 


SUMMARY 

1 . An improved medium for use in microbiological assa3's for pantothenic 
acid by Lactobacillus casei has been described. 

« Malt diastase (clarase), highly concentrated; Eimor and Amend. 
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2. The improvement in the medium has been effected by the omission 
of yeast extract, and the addition of extra glucose, asparagine, and other 
nutrients. 

3. The improved medium allows a longer and steeper dose-response 
cur\'e. 

4. Evidence has been presented that the medium may be further im- 
proved to permit greater acid production when more information is ob- 
tained about growth-stimulating factors in natural products. 

5. Use of the semilogarithmic dose-response curv'e for both unknown and 
standard is discussed. 

The authors wish to express their thanks to Dr. Alfred H. Taylor for his 
cooperation in the use of the photoelectric colorimeter. 
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STUDIES IN MINERAL METABOLISM IVITH THE AID OF 
ARTIFICIAL RADIOACTR'E ISOTOPES 

VII. THE DISTRIBUTION AND EXCRETION, PARTICULARLY BY WAY OP 
THE BILE, OF IRON, COBALT, AND MANGANESE 

Bv DAVID M. GREENBERG, D. HAROLD COPP, akd 
ELIZABETH M. CUTHBERTSON 

(P rom the Division of Biochemistry, University of California Medical School, Berkeley) 
(Received for publication, December 29, 1942) 

The growing realization of the importance of the “trace” elements in 
the physiology of the animal organism makes it desirable to obtain more 
extensive information on the metabolism of these elements. Their minute 
requirements make it difficult to apply ordinary methods of chemical analy- 
sis for such investigations. In many instances this handicap can be over- 
come by means of tracer experiments with radioactive isotope^. Further- 
more, the use of labeled atoms makes it possible to determine the fate of the 
dose administered of a given element. 

Previous communications from this laboratory have dealt with certain 
aspects of the metabolism of iron (1), manganese (2), and cobalt (3). The 
present work was undertaken mainly to study the importance of the bile 
as a vehicle for the excretion of the above three elements into the intestinal 
tract. The isotope method is particularly well adapted for this purpose. 

The role of the bile in the excretion of calcium and strontium in rats 
with bile fistulas was investigated and reported in a previous paper (4). 

Methods 

For the experiments on bile, rats with an artificial gallbladder type of 
fistula, weighing between 400 and 500 gm., were used. The fistula was 
prepared according to the operation of Sawyer and Lepkovsky (5) as modi- 
fied by Harrington, Greaves, and Schmidt (6). After the operation, the 
animals were given a saline-glucose solution (1 per cent NaCl, 10 per cent 
glucose). Rats allowed to drink this fluid voluntarily survived the opera- 
tion for 1 to 2 weeks. The above rats were reared on the stock colony diet. 
To obtain information on the effect of a diet low in manganese on the 
partition of this element, certain experiments were carried out on rats 
without fistulas reared on a modified milk diet.^ 

The isotopes employed were Mn“ with a half life of 310 days, Fe“ with 

'■ The composition of the modified milk diet used as the basal diet was powdered 
skim milk 75 gm., fat (Crisco) 15 gm., and sucrose 10 gm. The supplements were 
Pe 10 mg., Cu 0.5 mg., nicotinic acid 1.0 mg., and calcium pantothenate 2.0 mg. 
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u half life of ■! yeaiH, and a mixture of with half lives of 72 and 270 

days respeetively (7). 'i'he melliods of ivolntinp the radioactive Mn and 
Co have been rei)orl<'(l ('l.‘’('wliere (2, 2). 'i'he rndioactivo iron, Fc“, was 
obtained by bombardinp ma»i^anes(' with denterons. 'I'lie iron was precipi- 
tated four times from arid solution with eupferron, small amounts of inert 
Mn atui C’o Ikmuk added each time as rarriers, It was next precipitated 
four times with ammonium hydroxide, inert Zn beinK added as a carrier. 
It was then made uj) in neutral solution as ferric ritrate. 

Measurement of the radioactivity of the samples was made with a scalc- 
of -eight circuit Geiger-M Oiler cotmter.” 'I'o rhOcct the .soft radiations of 
certain of the isotopes tised, a bell-.shaped counter tube with a thin mica 
window was emjjloycd.^ 

Determinations of Mn*' and (V were corrected for absorj)tion of radia- 
tion by bile, tis.sue, or excreta ash. 'I'he Fe* was first electroplated into tin 
capsules and read directly. 


niscussiON 

Iron — In experiments on dogs, Hahn, Whipple, and coworkens (8) found 
that the mammal shows only a .slight ability to eliminate iron in any man- 
ner once it is incorporated into the body. ICxcretion in the bile reached 
significant proportions only under conditions of cxcc.ssivc blood corpuscle 
destruction and was small in animals of normal hematopoietic function. 
The results of our experiments on rats parallel the observations of Hahn, 
Whipple, and coworkers. 

The Fc* excreted in the bile is shown in Fig. 1 , Curves 3 and 4. The 
amount in the bile was very little dilTorent upon oral or parenteral admin- 
istration. In the case of parcntcrally administered Fe*, the quantity ap- 
pearing in the bile in 48 hours represented only 5 per cent of the amount 
in the gastrointestinal tract and fcccs. This is .shown in 'Fable I. The 
amount excreted into the urine was about 1,5 per cent of the administered 
dose in the case of both routes of administration. The excretion in the 
■urine probably depends upon the degree of elevation attained by the plasma 
inorganic iron. Most of the excretion of Fe* into the urine occurred in the 
first 30 hours after its administration. 

Absorption of orally administered Fe* was low even though the dose was 
small (0.1 mg.) and the bile fistula rats were in a fasting condition. This 
is shown by the high content of Fe* found in the feces and gastrointestinal 
tract of animals given the Fe* orally. 

s Built by the Cyclotron Specialties Company, Morngn, Cnlifornin. 

“ A modification of a counter tube designed by Dr. Dodson of the California In- 
stitute of Teclmology (unpublislicd). 

* The asterisk denotes that the elements were labeled with tlicir respective radio- 
active isotopes. 
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True fecal excretion of iron appears to be of negligible proportion. The 
average figure of 1.9 per cent Fe* found in the gastrointestinal tract of the 
injected rats supports the suggestion of Hahn, MTiipple, and coworkers, 
that much of the fecal iron maj’ be derived from the epithelial wastage of 
the stomach and intestine. 

Coball — ^The literature on the metabolism of cobalt prior to the intro- 
duction of the isotope-labeling technique is scant, inconclusive, and contra- 
dictorj'. 

The presence of cobalt in bile was demonstrated in 1884 by Stuart. 
This was substantiated by Caujolle but denied by Mascherpa (see (9)). 

In tracer experiments wdth the radioactive element, Copp and Green- 
berg (3) observed that the urine is the chief path for the true excretion of 


PER CENT OF 
ADMINISTERED DOSE 



Fig. 1. The rate of elimination of Fe*, Co*, and Mn* in the bile. Curve I, Co* in- 
jected; Curve 2, Co* orally; Curves 3 and 4, Fe*; Curve 5, 0.1 mg. of Mn* injected; 
Curve 6, 0.01 mg. of Mn* injected; Curve 7, Mn* orally. 

cobalt. This was corroborated by Kent and McCance (9) and the results 
of the present study. An average of 63.5 per cent of a 0.1 mg. dose of in- 
jected Co* was eliminated by way of the urine and only 8.4 per cent ap- 
peared in the feces and bile (Table I). Upon oral administration, an aver- 
age of 18.5 per cent appeared in the urine and about 40 per cent in the feces. 
In the latter case, the difference must be mainly due to incomplete absoip- 
tion of orally administered cobalt. The absorbed cobalt is chiefly excreted 
by the kidneys. These results agree with the previous findings of Copp 
and Greenberg. 

The course of the elimination of Co* in the bile is shown in Curv'es 1 and 
2 of Fig. 1. The bile is an important pathway for the passage of cobalt 
from the body into the intestinal tract. That it is not the sole path is 
shown by the data for feces in Table I. Of the injected Co*, approxi- 
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mutely equal quunlilieu nppeured in tlie I>ile nrid in (he foccs. As would 
he expected from the inr.oinjflete dej^ree of nh-iorplion, only about half as 


T A tier, I 

Parlllion of I^ibrlal Iron, Cobctll, nnd ,\fanyan'’sr, in Per Cent of 
AiiriintflereH Done 



: Mm!r of j 
i atfmin- 
! I^lration 

i 

r 

V 

Ji 

'c.L 
o U 
v; 

}li!r 

LVinr 

1 I'rrn 

r.3<[fo- 

intfiiinal 

tract 

I.lver 

llile fi.itula rats 



Mf. 






1 

Fe (48 

injee- 

0.1 

3 

0,1 i- O.Ol 

! 1.0 i o.o: 

j 0.2 -J: 0.2 

1 , 0 * 1.5 


hrs.) 

tion 




; ! 

i 




Oral 

0.1 

2 

0.2 ± 0.1 

1.4 i- 0.0 

28.5 :b 10.2 

20.0 db 3.3 


Co (72 

Injpc- 

O.I 

5 

3.5 ± 1.4 

03.5 ± 8.5 

4.9 db 0.0 


2.5 *0.6 

hrs.) 

tion 









Oral 

0.1 

2 

2.0 ± 0.2 

IS.5 ± 12.0 

.39.0 i- 12.0; 


3. 5*0.7 

Mn (48 

Injee- 

0.01 

2 

27.1 ± 0.4 

1 5.4 ± 1.4 

5.0 d; 0.9 

21.2 * 0.9 

27.1 ±3.5 

lira.) 

lion 









<1 

0.1 

3 

37.3 i 8.0 

' 3.2 -b 2.1 

0.5* 1.7 

7.3*1 .0| 

11.7*3.7 


Oral 

0.1 

2 

1 1.1 ± 1.0 

1 1-2 

.39.1 * 2.3 

1 

42.7*4.4; 


Rats without fistulas on modified milk diet* (21 hrs.) 
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0.01 
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49.2 db 6.0 

10.2 * 0.9 



Administration of the element was by intraperitoneal injection, orally, or by 
intravenous injection. The figures given arc mean values =b the mean deviation. 

* Two of the rats in each of these two groups were injected with 1 mg. of thiamine 
chloride every other day for four periods prior to the time of administering Mn*. 
t Analyses made after 24 hours, 
i Analyses made after 48 hours. 

much Co* was found in the bile upon oral administration as upon paren- 
teral administration. 

The considerable amount of Co* accumulating in the liver supports the 
suggestion that the bile plays an important part in the transport of cobalt 
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from the body to the intestine. The accumulation in the liver suggests 
that cobalt has a significant r61e in the functioning of the liver. 

Manganese — The r61e of manganese in animal biology has been the 
subject of fairly extensive investigation. The literature on this topic, up 
to 1935, has been reviewed by von Oettingen (10). Interest in manganese 
has been heightened by the discovery that it is required for the prevention 
of perosis in birds (11), and its deficiency is a possible factor influencing 
the occurrence of lameness in pigs (12). In support of earlier observations, 
manganese deficiency has recently been shown to result in impaired growth 
and sterility in both male and female rats (13). 

It appears to be quite well established that manganese is preferentially 
excreted into the alimentary canal and very little is eliminated by the way 
of the urine. Kobert in 1883 and Cahn in 1884 observed that large injected 
doses of manganese salts were mostly excreted with the feces and only 
traces appeared in the urine (see (10) for the references). Subsequent 
experimental work has supported this observation in the case of more 
physiological quantities. Greenberg and Campbell (2), using radioactively 
labeled Mn, found that 90.7 per cent of a 1 mg. dose injected intraperi- 
toneally into a rat was eliminated •with the feces. 

Kent and McCance were unable to demonstrate any excretion of man- 
ganese injected intravenously in two of three human subjects. On the 
basis of this observation, they conclude that injecting small doses of man- 
ganese does not necessarily provoke an excretion of the metal. These 
authors criticize the work of Greenberg and Campbell because of the ad- 
ministration by intraperitoneal injection. It wll be shown below that 
this does not alter the course of the excretion of manganese. 

Manganese was detected in the bile of cats after its oral administration as 
early as 1860 by Wichert (10). Bargero observed that the biliary excretion 
of manganese increased with the manganese content of the liver (14). 
Aside from these and a few other scattered observations, little information 
has appeared on the significance of the bile for the excretion of manganese. 

The present experiments show that the bile, under the conditions studied, 
is the most important vehicle for the transport of manganese from the 
body into the intestine. The passage of Mn* into the bile folio-wing its 
intraperitoneal injection is shown in Curves 5 and 6 of Fig. 1. When a 
0.01 mg. dose was given, an average of 26 per cent accumulated in the bUe 
and with a 0.1 mg. dose an even greater fraction (37.3 per cent) appeared 
in this fluid in 48 hours. The Mn* in the bile under these conditions was 
from 1 to 3 times the quantity found in the alimentary tract and feces. 
Consequently, from 50 to 75 per cent of the injected manganese appearing 
in the feces is probably carried by the bile. 

The kidneys play a very minor r61e in the excretion of Mn* even when it 
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is iiijooli’t!, Al most, the nmount. r.vt’roird into tlio urine is only n .smnll 
fr.iction of I lie totnl dnsi'. 

W'hon (he Mu* wns giviui orally, only nhoiil. 1 iier rent wns found in the 
hile (Imk. 1, ('iirve (5). Since 25 to .'15 per cent of nn injected dose of Mn* 
is exi'veted in the hile, thii! indimte.s Ihnt only 2 to 1 per cent of Mn* was 
netually nhsorhed from the inte.stine, 'I'he .smnll nmount of Mn* in the 
liver eonfirms this. It i.s prohahle that (his poor ahsorption of Mn may 
be an important factor in prodiiriuf^ Mn deficiency. 

The livers of the injectcfl animal.s acenmulatcd a large fraction of the 
Mn*. 'i'hi.s would appear to indicate that manganc.se in c.vccs.s of the 
tissue needs is transmitted to (he liver preliminary to it.s c.vcrction. 

A moderate degree of manganese deficiency changc.s the picture of man- 
ganese metabolism but. little, 'riii.s i.s shown by the Mn* p.artition in the 
rats reared on (he modified milk diet. I'hi.s differs but little from the 
picture observed in the bile fistula animal.s. 

The livens of the milk-fed rat.s were low in manganc.se, the average being 
0.0S5 d: O.OOS mg. jier 100 gm. of frc.sh weight, in contra.st to normal values 
of about 0,25 mg. jier 100 gm. 

The objection raised by Kent and McCanco to intraporitonc.al injection 
was shown to be groundless by the e.vpcrimcnfs on stock colony rats with- 
out fistulas (Table I). Four young adult rats weighing 200 gm. were 
lightly ancstlictizcd with ether, and injected with 0.1 mg. of Mn* (as 
MnClj) in 0.2 ml. of ph 3 ’siological saline, through the femoral vein. The 
animals were then placed in individu.nl metabolism cages and the e.xcreta 
collected in the usual manner. Two of the rats were sacrificed at 24 hours 
and the other two .at 48 hours. The results of the e.vpcrimcnts show that, 
when the Ain* is given intravonousl}', a large fraction is quickl}'" excreted 
into the intestinal tract. In 24 hours the feces and digestive tract con- 
tained around 51.5 per cent of the dose given, and in 48 hours, about 59.5 
per cent of the dose. Tlie liver showed the same marked degree of accu- 
mulation of Ain* as was found ui)on intraperitoneal injection. The size 
of the dose injected cannot e.xplain the difference between the present ex- 
periments and those of Kent and AlcCance. In the rat the manganese 
injected was between 0.05 and 0.5 mg. per kilo of bod 3 ' weight. The sub- 
jects used b 3 '’ Kent and AlcCance received 0.3 to 0.5 mg. of Ain per kilo. 

Some manganese is transmitted from the blood into the milk. A litter of 
three rats was born to a female rat maintained on the milk diet. The rat 
was injected w'ith 0,05 mg. of Ain* intraperitoneally 2 da 3 's after parturi- 
tion. Two of the 3 '-oung were sacrificed 3 days after the injection and the 
Mn* determined. The bodies of the tw'o rats contained 0.3 per cent of 
the dose. The remaining young wms sacrificed 10 days following the injec- 
tion. Its body contained 1 per cent of the Ain* given the mother. 
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We are indebted to Professor E. O. Lawrence and the staff of the Radia- 
tion Laboratorj' of the University of California for the radioactive isotopes 
used in these experiments. We are grateful to hliss Frances M. Troescher 
for assisting us with a number of the experiments. 

suxm.ARY 

1. The radioactive isotopes of iron, cobalt, and manganese were used to 
study the partition and mode of excretion of these elements. The impor- 
tance of the bile as a vehicle for the excretion of the above elements was 
tested bj’ emplojung an artificial gallbladder type of fistula. 

2. Parenterallj’’ administered iron is excreted to only a slight degree, and 
is largely retained in the bodj'. Onlj^ a trace of labeled iron appeared in 
the bile and but little more in the fecal contents. 

3. The urine is the chief pathway for the excretion of cobalt. Orally 
administered cobalt is only partially absorbed and thus a large proportion 
passes through the intestinal tract and is eliminated with the feces. The 
bile is an important but is not the sole pathway for the passage of cobalt 
from the body into the intestinal tract. Considerable amounts of labeled 
cobalt accumulate in the liver. 

4. Manganese is excreted almost totally with the feces and very little is 
eliminated in the urine. The bite plays a role of great importance in the 
intestinal excretion of manganese. Probably 50 to 75 per cent of the 
manganese that makes its way from the body into the intestinal canal is 
Carried by the bile. 

Orally administered manganese is very poorly absorbed even if the ani- 
mal is in a fasting condition. The liver accumulated 10 to 30 per cent of 
parenterally administered, labeled manganese. Manganese in excess of 
the tissue needs may be transmitted to the liver preliminary to its excretion. 

Manganese injected into the body of a lactating female is transmitted 
into the milk in small quantities. 
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RADIOACTRTi: IODINE j\S AN INDICATOR OF 
THE METABOLISM OF IODINE 

THE FORMATION OF THYROXINE AND DIIODOTYROSINE BY THE 
COMPLETELY THATIOIDECTOMIZED ANIMAL* 

Br M. E. MORTON, I. L. CHAIKOFF, W. O. REINHARDT, and 
EVELY'N ANDERSON 

{From the Divisions of Physiology and Anatomy of the Medical School and the Institute of 
Experimental Biology, University of California, Berkeley) 

(Received for publication, Januarj’ 7, 1943) 

The earh’ discoverj’ that physiological activity in the thyroid gland was 
associated with an iodoprotein (1, 2) led logically to investigations of the 
physiological effects and chemical properties of various proteins or pro- 
tein fractions that had been subjected to artificial iodination. In 1933- 
34, Abelin el al. observed physiological effects resembling those produced by 
the thjToid gland after the administration of fractions obtained by hy- 
drolysis of iodinated protein (3, 4). It was not until 1939, however, that 
Ludnig and von Mutzenbecher (5) clearly demonstrated the isolation of 
crystalline thyroxine from the following proteins after treatment with 
molecular iodine: casein, serum albumin, serum globulin, silk fibroin, 
and edestin. The chemical identity of thyroxine was established by 
elementary analysis, determination of physical and chemical properties, 
and by the preparation of thjTonine by catalytic hydrogenation of the 
thyroxine. These workers also obtained diiodotyrosine and monoiodo- 
tyrosine from these iodinated proteins. The isolation of crystalline 
diiodotyrosine, however, from a hydrolysate of iodocasein had been re- 
ported earlier (1910) by Oswald (C), whereas the preparation of thyroxine 
from iodinated casein was later (1939) confirmed b 3 ’' Harington and 
Rivers (7). Interestinglj' enough, von Mutzenbecher (8) has further 
showm that thyroxine is formed when diiodotj'rosine is incubated with 
NaOH for 14 days, an obseiw'ation that has received recent confirmation 
from Block (9) and Johnson and Tew’ke.sbury (10). The latter (10) have 
also showTi that pjTuvic acid is a product of this reaction and on the basis 
of this finding have proposed a possible mechanism to explain the forma- 
tion of thyroxine. 

Since the earlj' work of Abelin, physiological effects closely resembling 
thyroid activity have repeatedly been observed to follow' the administra- 
tion of iodinated protein and fractions of their hj'drolysates (11-14). But 

* Aided by grants from the Commonwealth Fund and the Committee for Research 
in Endocrinology of the National Research Council. 
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the chemical f^ipiiifieuiice of (lu-M- in not eh'ar at the i)rc?cnt time, 

Kiiico in no ease liavo (liey hcM'n eorrelaled ((iianlitafively with a definite 
organie inolceule in the inixtnre fe<l. 

The ohsa'i'vations recorded niiovt', parliciilarly those dealing with the 
actual identification of tliyroxine and diiodotyrosine in the hydrolysates of 
iodinated proteins, raised tlie interestinp tpiestion whetlier thyroxine and 
diiodotyrosine can he formed elsewhere in tlii' Itody than in the thyroid 
ghuu!.' 'J’he chanonstratioii of the presence of thyroxine and diiodotyro- 
sine in the thi/roidla;!^ anirpal does not necessarily prove that tissues other 
than the thyroid can synihesir.e these comiiounds; they could have been 
synthesized before excision of tlie fhyroi<! glatuis and stored in the tissues. 
This particular objection {‘an In* fna'rconrt' with tlie use of a tagged iodine. 
In the prc.scnt invc'stigiition the ability of the completely thyroidcctomizcd 
animal to form diiodotyrosine ami thyroxiiu' was tested with the aid of a 
labeled iodine. Radioactive iodine was administered several weeks after 
excision of the tliyroid gland; radiodiiodofyrosine and radiothyroxine, if 
found thereafter, nui.st have been formed only after excision of the thyroid 
glands. The complctene.ss of thyroidectomy was established by two 
proccdurc.s, (1) liislological examination of all serial sections of tissues of 
the neck and thorax, and (2) a procedure involving the iodine-concentrating 
capacity of thyroid tissue. 


EXPUntMEXTAI, 

Thyroidcclomizcd Rats 

Tire rats shown in Table I were thyroidcctomized at the ago of 4 to 6 
months. For 2 to 8 months thereafter they were maintained on a stock 
diet. Each rat then received intrapcritoneally 1 cc. of an isotonic NaCl 
solution containing tracer amounts of radioiodidc (1 X 10’ counts per 
minute). The preparation of tracer amounts of I”* has been described 
elsewhere (10, 17). 

At intervals of 2 to 90 hours after the injection, the animals were anes- 
thetized with nembutal. Blood was then removed by heart puncture and 
centrifuged. 3 cc. samples of plasma were pooled from each of two rats, 
thus making 0 cc. available for each analj'sis. The small intestine was 
removed, washed through with isotonic saline, weighed, and minced, and 

' Chapman has suggested the conversion of iodine to a thyro.\ine-likc substance in 
tissues other than the thyroid (15). This suggestion was based in part on the ob- 
servation that the o.xygcn consumption was higher in thyroidcctomized rats main- 
tained on a high iodine diet than in those kept on a low iodine diet. It is questionable 
whether small increases in oxygen consumption in thyroidcctomized rats can bo 
accepted as evidence for the formation of a thyroxine-like substance. Furthermore, 
the absence of thyroid tissue in Chapman’s thyroidcctomizcd rats was not established. 
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samples weighing approximately 5 gm. were taken for analysis. Liver and 
gastrocnemius muscle were similarlj' weighed, chopped, and sampled. 
In some cases somewhat less than 5 gra. of muscle was available from both 
gastrocnemii; in such cases a small amount of muscle was removed from 
the thigh to make up the required amount. The plasma and tissues were 


Table I 

Formalion of Thyroxine and Diiodolyroeinc by Thyroidcctomized Rats 
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415 

8 
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Small intestine 
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Liver 
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tt 
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• The mean value observed by one of us (E. Anderson) for normal fed rats main- 
tained under conditions identical with those of the thyroidcctomized rats recorded 
in this study was 184 ± 3 liters per sq.m, per 24 hours, 
t The plasma was pooled from Rats 134 and 135. 
t The plasma was pooled from Rats 136 and 137. 

hydrolyzed and analyzed for radiothjToxine, radiodiiodotyrosine, and 
radioiodide by the method already described (17-19). 

Determinations of oxygen consumption for the rats recorded in Table 
I were made a few days before the injection of the radioiodine. The 
Benedict multiple chamber apparatus (20) was used to determine the 
oxygen consumption of rats. The animals were kept in a constant tem- 
perature room at 28.5° for 24 hours before the measurements were made. 
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Sinoo Iiyi)oi)l)yp0(’toini5;(’(l nils (svc 1)pIo\v) do not tolornic fnsting, all 
nu'.nsiiromont.s of oxygen eonKinnption were nmde during (he absorptive 
fitate. 'riie value.s, ('xjjre.ved na liters jier sq.m, of body .surface per 2-1 
liours, were ‘11 to 50 |)er eent below the mean value ob.'^erved by one of us 
(]']. A.) for normal fed rat.s ('Inble I). 

The di.sfrii)u(ion of tiie administered I’’’ among thyroxine, diiodotyro- 
sine, and iodide fraelion.s i.s .shown in the la.st three eolumn.s of Table I. 
At the 21 hour interval aft(>r (ho injeetion, the radioiodine in thc.se three 
fractions wa.s me.'i.sured in (he .small inte.stine, liver, muscle, and plasma, 
wberoa.s at 2 and 00 hour intervals measurements were made in only the 
small inte.stine. and liver. 

Diiodotyroainr — A rai)id eonvei-sion of the administered radioiodidc to 
diiodotyrosine is .shown in 'Fable I. Hy a.s e.'irlt ns 2 hours, each gm. of 
.small intestine contained about 0.1 per cent of the injected radioiodinc, 
and as much as M per cent of this !•” was pre.sent ns diiodotyrosine. At 
this same time interval as much as 13 per cent of (be liver radioiodinc was 
present as diiodotyrosine. 

At (he 24 and 9G hour intervals somewhat more (15 to 21 per cent) 
of the small intestine and liver was pre.sent as diiodotyrosine. Somewhat 
smaller amounts of the I'’* were found ns diiodotyrosine in muscle and 
plasma. 

From the rc.sults as a whole it appears thnt radiodiiodotyro.sino attains a 
maximum value very soon. 

Thyroxine — Loss tlian 2 per cent of the contained in intestine and 
liver was found in the form of thyro.xinc at the 2 iiour interval. Although 
these low' values are of slight significance, the larger amounts found at 24 
liours and, more particularly, at 9G hours in small intestine arc evidence 
that the rats recorded in Table I formed thyroxine. Thus at 9C hours 8 
per cent of the I'** of the small intestine and ns much as S.G per cent of 
that of the liver w'ere incorporated into thyroxine. 

Inorganic — The largest fraction of I”' of eacli tissue was present in the 
inorganic form at all three intervals examined. 

Thyroidcctomizcd-Ihj'pophyscclom ized Rais 

Accessory thyroid tissue, if present, or fragments of the gland missed at 
operation, w'ould be depressed by the additional removal of the hy'pophj'- 
sis. For this reason rats were subjected to both thyroidectom}' and iiy- 
popbysectomy. The rats showm in Table II were thju'oidectomized first 
and hypophy'sectomized 9 days later. 7 weeks after hypophy'sectomy each 
animal was injected intraperitoneally w-ith 2 cc. of an isotonic NaCl solu- 
tion containing a tracer dose of radioiodide. All four rats were anesthe- 
tized Avith nembutal 96 hours after the administration of the radioiodine. 
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Blood was removed bj' heart puncture and centrifuged for the separation 
of plasma. Liver and small intestine were then excised and treated in the 
manner described above. Determinations of the oxygen consumption of 
the rats recorded in Table II were made on several occasions after hj"^- 
pophysectomy, the last determination coming 24 hours before thej’^ were 
sacrificed. 

No difference was observed between the thyroidectomized rat (Table I) 
and the rat subjected to both thyroidectomy and hj'pophj'sectomy as 
regards the distribution of I”‘ of the small intestine and liver among 
diiodotjTosine, iodide, and thjToxine. Thus 20 to 24 per cent of the I‘” 
contained in either the small intestine or in the liver of the thyroidec- 


Table II 

F ormation of Thyroxine and Diiodolyrosine by Thyroideclomieed-Hypophysectomized 

Rats 


Rat 

Ko.* 

1 

Body 

1 

Oii'gen 

1 consumption 

1 

1 Tissue 

pil 

recovered 
per gm. 96 
hrs. after 
injection 

1 

of tissues found as 

' Per 1 
.sq.m, for 

1 Rhrs. 

Decrease 
' below 

1 nonnal ] 

Thy. 1 
roxloe 1 

1 

iDiiodo- ! 

|tvrosiDei 

Inor- 

ganic 


(m. 

tUers 1 

per ant 


per cent \ 

per cent 

i 

per cent 

142 

204 

94 

49 

Liver ^ 

0.0155 

3.9 ' 

24.1 

72.0 

142 ' 

204 



Small intestine 

0.0165 ' 

3.7 ' 

1 20.3 

76.1 

143 1 

200 1 

115 1 

38 

Liver 

0.0151 1 

5.4 1 

1 20.6 1 

67.7 

.143 

200 



Small intestine 

0.0111 1 

3.8 

19.6 ' 

75.0 

144 

203 

112 

39 

Liver 

0.0126 

4.6 

23.7 

72.0 

144 

203 



Small intestine 

O.OOS04 

7.8 ' 

21.7 

70.7 

145 

190 

104 

43 

Liver 

0.00945 

4.9 

18.0 

74.0 

145 

190 



Small intestine | 

0.0106 

8.6 

21.5 

68.4 


* All rats were 65 days old at the time of thyroidectomy. 9 days after thyroi- 
dectomy they were hypophyaectomized. An interval of 7 weeks followed before the 
experiment was carried out. 


tomized-hypophysectomized animals was found as diiodotyrosine. As 
much as 8.6 per cent of the I”‘ of the small intestine was present as thyrox- 
ine. Approximately 25 to 30 per cent of the I‘^‘ of these tissues was 
organically bound. 

Formation of Thyroxine and Diiodolyrosine in Rats Shoicn to Be Completely 
Thyroidectomized by Radioautographic and Histological Methods 

Proof as to whether thyroxine and diiodotyrosine can be formed in the 
absence of all thyroid tissue can only be as valid as the evidence provided 
for completeness of thjuoidectomy. The procedures commonly employed 
to establish completeness of thyroidectomy are as follows; (1) gross in- 
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MtrrAHOi.isM or iodink 


of tlu! i'ito of optMutino. 'I'liis cxtiinitintioii, even when done mth 
the hinoenlnr inieroHcope, tony fail to identify tninute froRmentsof thyroid 
tissue; (2) exaniinntif)!! of tlie operative ref^ion by means of serial sections, 
'I’o exeUide tlie presenee of all thyroid tissue, liowcver, serial seclionsmusl 
be made of the entire path of de.vehipmenl of the thyroid Rland. This 
involves all struetuH'S from tin* base of the tongue to the heart and, be- 
sides the ton(;ue, heart, and perieardi\im, includes the esophnpis, larynx, 
trachea, thymus, and related structures, d'lie preparation and examina- 
tion of serial sections of such an aimnint of tissue arc tedious and time- 
consuminp i)rocesses. Mven a careful observer, moreover, may fail to 
detect small isolated proiprs of cells of thyroid epithelium in the absence of 
typical follicidar morphology; (3) measuri'inents of oxygen consumption 
or other metabolic tests can otdy be regarded as presumptive indications of 
the completeness of thyroidectomy. A jrrevious study (21) has shown that 
a low o.xygen consumjition in a thyroidectomized rat is not incompatible 
with the presence of extremely small fragments of iodine-concentrating 
tissue, presumably thyroid. 

To test the completeness of thyroidectomy in the present study use was 
made of the known ability of thyroid tissue to concentrate iodine, and in 
addition histological examination was made of all serial sections of all 
tissues in the neck and chest regions. 

Rats were thyroidectomized at the age of 38 to 41 days. 13 days later 
each rat received intrapcritoncally 1.7 cc. of an isotonic NaCl solution 
containing tracer amounts of radioiodinc (1 X lO’^ counts). The animals 
were anesthetized with nembutal 114 hours after the injection of the 
Plasma, liver, and small intestine were removed for determination of their 
radiothyroxine, radiodiiodotyrosino, and inorganic radioiodine contents. 

The animals were then subjected to the following examination to de- 
termine the completeness of thyroidectomy. The site of operation was 
examined under a binocular microscope. Radioautographs (21) were 
then made from two tissue masses. The region normally occupied by the 
thyroid gland was removed in ioio-, this included trachea, larjmx, and esoph- 
agus. The second tissue mass included all tissues in which one might 
expect to find either aberrant or operatively misplaced thyToid tissue; 
namely, the base of the tongue, the remainder of the trachea and esoph- 
agus, thymus, heart and pericardium, neck muscles, and great vessels. 
The two tissue masses xvere placed on a filter paper, covered with a thin 
sheet of cellophane, and rolled flat. The above preparations were then 
placed in an x-ray cassette. A sensitive “non-screen” x-ray film xvas 
placed in contact with the cellophane and the cassette closed. Exposures 
were made over varying intervals (1, 19, and 48 hours). 

The results obtained on three thyroidectoirdzed rats are recorded in 
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Table III. In Rats 2 and 9, there was a complete absence of all thyroid 
tissue as shown by (1) gross inspection of the thyroid region, (2) failure to 
demonstrate iodine-concentrating tissue in the neck and chest regions by 
radioautographic methods,- and (3) failure to detect thyroid tissue after 
histological examination of all serial sections of the entire neck and chest 
regions. 

A fragment of iodine-concentrating tissue was left in the region of the 
thyroid gland of Rat 3. Observations on this rat were included in Table 
III to provide a comparison with Rats 2 and 9. 

Table III 

Formation of Thyroxine and Diiodotyrosine in Rats Tested for Completeness 
of Removal of Thyroid Tissue 


The animals were killed 114 hours after the injection of I”'. 




Test {or cotnpltltntss ot thyroidectomy 


AdminiS' 

tcred 

iwt oi tissues 


Weight 


Radioautographs* 

Tissue 




No. 

Histology* 

recovered 


Dito- 

doty- 

rosme 




Thyroid region 

Neck and 
chest region 


per gm. 

Thy- 

roxine 

Inor- 

ganic 


gm. 





per cent 

per 

cent 


fer 

cent 

2 ' 
2 


Complete 

Complete 


Plasma 
Small in- 

m 

5.4 

5.2 


86.5 

76.9 






testine 





2 





Liver 

jsmi 

8.8 

33.2 


9 

126 

tt 

ti 

*« 

Plasma 


4.1 

IVitil 

78.9 

9 





Small in- 


13.6 

22.8 

63.6 






testine 





9 





Liver 


11.5 

31.1 

57.4 

3 

126 

Frag- 


ft 

Plasma 


16.0 

13.9 

MW 




plete 








* See the text for a description of the procedure. 

t This fragment was left in the normal location of the thyroid gland and was less 
than 1.0 mm. in diameter. 


Newly formed thyroxine and diiodotyrosine were found in the tissues of 
rats (Nos. 2 and 9) shown to be deprived of all thyroid tissue. As much as 
14 per cent of the I'” of the small intestine was present as thyroxine 114 
hours after the injection of the labeled iodine. There can be no question 
of the ability of either Rat 2 or Rat 9 to convert iodide to diiodotyrosine. 
The largest conversion was observed in the former animal; 33 per cent of 
its liver I*’* was present as diiodotyrosine. 

• It is of interest to note that four of a series of twelve thyroidectomized rats 
showed iodine-concentrating tissue (presumably thyroid tissue) in the mediastinal 
region, by the above radioautographic procedures. This means that these animals 
could not have been completely thyroidectomized by the usual surgical technique. 
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Mi*.TA!ini,i;;M OK joniN'i; 


'I'lic pliisiim of Uul 3, in whin}! n fni};nifnt of thyroid tiKsuo remained, 
contained more than d time?; lO! niueh t>f the adminialored I”' as did the 
plasma of Rais 2 and 0, Monatver, the fraction of the I”' of the plasma 
found in the fortn of thyroxine was much preat('r in Rat, 3 than in Rat 2 
or t). 

Idciitificalitiii of Rndtotlniroriiir awl HiuUniiitmlnluTimni' hnlakdfrom Plasma 

of ThiiroUhrhmizi'd Uat.s hi/ Thrir liirriir-lalltznlion to Constant Specific 

Activity 

The possihlt' oceurrenc(‘ of iodinated compoundH other than thyroxine 
and diiodotyrosine in animal tissues should he considered. Although 
cliiodothyronine has not heen found in animal tissues, it would, if prc.scnt, 
appear mainly in the diiodotyrosine fraction in the aimly.sis u.scd in the 
present invo.stigation (22). Motmiodofyrosine Ims recently been isolated 
by Ludwig and von Mutzenbecher (o) from iodinated c.a.soin and by Iler- 
riott from iodinated pepsin (23); if pre.senf in animal tissuc.s’, this .substance 
would probably follow (ho diiodotyrosiiu^ fraction. The procedure by 
which the actual i)rc.scnce of radiothyroxine and radiodiiodotyrosinc in the 
plasma of the thyroidcctomized rat was c.stabli.shed is similar in principle 
to one described elsewhere (2 J). 

1.5 cc. of plasma were pooled from each of the four rats listed in Table II. 
The G cc. of pla.sma so obtained were hydrolyzed with CO cc. of 2 X NaOH 
for 8 hours on the steam bath. The resultant hydrolysate was cooled and 
acidified carefully with concentrated HCl. A total of 4 cc. of 0.02 m KI 
was added as carrier. After oxidation with KIOj the inorganic radioio- 
dine was extracted six times with CCR. Tlie aqueous layer containing 
the organically bound radioiodine was adjusted to j)!! 3.5 to 4.0 with 2 x 
NaOH. Two extractions wth butyl alcohol were then made to remove 
thyroxine, the first with 50 cc. and the second witii 25 cc. The butyl 
alcohol fractions were combined and rcextractcd with two portions (75 
and 35 cc.) of 20 per cent technical NaOH to remove the diiodot 3 Tosine. 
These two alkaline washings wore combined with the initial aqueous layer. 
The butyl alcohol layer was evaporated to dryness under reduced pressure. 
50 mg. of non-radioactive ciystallinc th.vroxine were added to the butyl 
alcohol residue as carrier and the mixture taken up in hot 0.10 N KjCOa- 
The thyroxine was recrystallized by way of the K salt, as described by 
von Mutzenbecher (8). 

The alkaline aqueous fraction containing diiodotyrosine was evaporated 
to about 30 cc. under reduced pressure and acidified to pH 3.5 to 4.0 with 
HCl. Six extractions uith 30 cc. portions of butyl alcohol were made. 
These butyl alcohol layers, which now contained the diiodotyrosine, were 
combined and evaporated to dryness under reduced pressure. 50 mg. 
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of non-radioactive crj-staUine diiodot 3 Tosine were added to the butyl 
alcohol residue and the mixture taken up in hot 70 per cent ethyl alcohol. 

The thj-roxine and diiodotj-rosine were each recrystallized five times 
further, the thj-roxine as the potassium .salt and the diiodotjTOsine from 
70 per cent ethjd alcohol. In each rccrystallization of th 3 'roxine, 10 mg. of 
non-radioactive diiodot 3 ’rosine were added in order to wash out an 3 ' con- 
taminating radiodiiodot 3 -rosine b 3 - dilution. In the case of the diiodot 3 ’ro- 
sine recr3'stallization, 10 mg. of non-radioactive th 3 'ro.xine were added 
each time for the same purpose. After each recr 3 'stallization the specific 
actiiities of the th 3 ’roxine and diiodot 3 ’rosinc were determined according to 
the procedure described elsewhere (24). 

Table IV shows that a constant amount of radioactivity remained asso- 
ciated with each compound despite repeated recr 3 -stallizations and wash- 
ings. It should be observed that the specific activities of both thyroxine 

Table IV 

Recryslallizalion of Thyroxine and Diiodolyrosine to Constant Specific Activity 


The specific activity is measured by the ratio of the radioactivity to the colon 
meter reading. 


Recr>*sUlli- 

zation 

Tbyroxin« 

Diiodotyrosine 

Colorimeter 

reading 

Radioactivity 

Specific 

activity 

Colorimeter 

reading 

Radioactivity 

Specific 

activity 



ccunls per min. 



counts per min. 


1st 

542 

285 

0.53 

322 

595 

1.85 

2nd 



0.47 



1.69 

3rd 



0.43 

394 

635 

1.61 

4th 

534 


0.47 

330 


1.58 

5th 

555 


0.43 

368 

■I 

1.66 


and diiodotyrosine did not change significant^' after the second recr 3 'stalli- 
zation. This would be expected to occur only in a case in which the sub- 
stance giving the radioacthdty was identical with the material that 
undenvent repeated recrystaUization. If two substances were involved, 
one being adsorbed on the other, it Ls not likely' that a constant specific 
activity would be obtained by repeated recrystallizations and washings. 
It was shown elsewhere that, when radioiodide or radiodiiodotyrosine was 
added to non-radioactive crystalline thy'ro.xine, only two recrystallizations 
of the latter were necessary' to remove the radioactive substances com- 
pletely from the thyroxine. This was also found to be true when radio- 
iodide or radiothyroxine was added to non-radioactive diiodotv'rosine and 
recrystallizations of the latter carried out. No radioactivity' was found 
associated with the crystalline diiodotyrosine after its second recrystalliza- 
tion (24). 
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MKTAttOtnPM OK lOOINn 


'riic iT5ul(s iiuiicnlc tin' pnv-;nu’«' of ntnvly fortnod (liyroxinc ftnd diiodo- 
(yrosiiu' iij llu* IhyroidtM’toinirt'd-liypopliyrt'rloiniml animal; the I’’’ in 
<!«' t!iyro\itn'-lik(' fraction cannot he due to conlaminatinn with radio- 
diiodotyrosinc or radioiodidc, and the I”' in the fliiodotyrosinc-likc frac- 
tion cannot Ix' aacrihed to contamination witli radio! hyroxinc or radio- 
iodide. 

h'diafiiliti! of Qiifintiiatii r J'rorrthircs Krnplntjrd for Mrasurement of 
Thjiroxiiir nud Diiodotijrosinc 

In vi('\v of the low valui' of I”' of the tis.stie.a found n.s thyroxine, it is of 
interest to not(' here tin' validity of th(> (piantitative procedure employed 
for the dotoriuination of the three' iodine fractions. The following experi- 


Taiii.k V 

/iVroi cri/ of Adrh-il Thi/roTinr iirid /iiiodolyron'nc 




Initial tccovfrcii At 

KxiKrimrnt No. 

Kailio.xclivify ’ 

' 

. - 




\ Thytotinc 

j niio(!atyfo<inc 

|lnotj:»nic io*!inc 



frr (tnS 

ernt 

fir ttni 

1 

Iodide 

O.GI 

0.83 

9S.G 


« 

0.17 

0.28 ! 

99.5 


4( 

0.S2 

0.60 

9S.5 


4( 

o.co 

0.81 

98.8 

2ft 

/-Diiodotyro.sinc 

0.70 

90. S 

3.0 


41 

1.0 

97. -I 

1.8 

2b 

(/?-l)iiodo(yrosiiic 

0.95 

98.0 

0.91 


44 

0.69 

97.9 

0.99 

3ft 

dl-Tliyroxine 

96. C 

S.'t 

0.01 


44 

9S.1 

1.8 

0.00 

3b 

44 

87. 2 

5.82 

6.95 


44 

8S.3 

5.40 

6.30 


ments, in addition to demonstrating the accuracy ndth which radiothy- 
roxine, radiodiiodotyrosine, and radioiodidc can be measured in tissues, 
show that owing to a slight loss the thyroxine values recorded in Tables 
I to III are slightly low. 

Experiment 1 — Radioiodidc was added to non-radioactivc desiccated 
thyroid tissue and carried through the hj-^drolysis and fractionation pro- 
cedure. 

Experiment 2 — Radiodiiodotyrosine was prepared in two ways, (a) by 
synthesis according to Harington’s method (25) and (b) by isolation from 
the thyroid gland of a rat injected with radioiodine, as described above in 
the section on reciystallization. The radiodiiodotyrosine so isolated was 
added to non-radioactive desiccated th 3 Toid tissue and the latter hj'dro- 
Ij^zed and fractionated in the usual manner. 
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Experimenl S — RadiothjTorine was isolated from the thyroid of a rat 
preinously injected ndth radioiodine in the manner described above in the 
section on recrystallization. The radiothyroMne so obtained was treated 
m two ways to determine the effect of the hydrolysis procedure upon 
thjToxine recovery': (o) radiothyToxine w'as added to non-radioactive 
desiccated thyroid tissue prei'iously hydroly'zed with 2 n NaOH and this 
mixture was then extracted with butyl alcohol according to the usual 
procedure for fractionation; (b) radiothy'roxine was added to non-radio- 
aotive desiccated thyuroid tissue and the whole mixture subjected to 
hydroly'sis and fractionation in the usual manner. 

The results of the above experiments are given in Table V. A slight 
breakdown of diiodotyrosine occurs in the procedure. Approximately 12 
per cent of the thy'romne is decomposed during the hydrolysis; the radio- 
iodme from the decomposed radiothyroxine appears equally distributed 
between the diiodotyrosine-like and inorganic iodine fractions. It is thus 
evident that the values for the thyroxine-like fractions shown in Tables 
I to in are probably low. 


DISCUSSION 

The results of the present investigation show that rats whose metabolic 
rate has been reduced considerably by excision of the thynoid gland or of 
both thyroid and pituitary glands are still able to convert inorganic iodine 
to diiodotyrosine. Inert crystalline diiodotyrosine was added to the 
rachoactive diiodotyrosine-like fraction extracted from plasma; repeated 
recrystalUzations of diiodotyrosine so labeled yielded a constant radioac- 
tivity per unit amoimt of crystalline diiodotyrosine. This observation 
would leave little doubt that the injected iodide w’as converted into di- 
iodotyrosine by the tissues of the thyroidectomized rat. Indeed, as early 
as 24 and 96 hours after the introduction of radioiodine, 20 per cent of the 
radioiodine contained in the liver and in the small intestine w’as found 
organically bound as diiodotyrosine. A comparison between the results 
obtained in the present investigation and those previously obtained in the 
normal animal (17) suggests that the rate at which injected inorganic 
radioiodine appears as diiodotyrosine in the liver and small intestine is 
not diminished by excision of the thyroid glands, although it should be 
pointed out that values cannot be assigned to the absolute amounts taking 
part in this conversion. The formation of diiodotyrosine was also shown 
to occur in rats in which the absence of all thyroid tissue was demonstrated. 

The conversion of inorganic iodine to thyroxine is shown here to occur in 
the rat deprived of its thyroid glands for several months. The presence of 
newly formed thyroxine was definitely established by demonstrating a 
constant specific activity in the thyroxine obtained by five separate re- 
crystallizations from a mixture of inert crystalline thjTOxine which had 



7()S MKTAItOUSM or lODINK 

ht'(>ii addcil l<i th(’ lliyi(txiti''dilva fmrtion removed from (he tissues. 9G 
liouns aftc'r the iiijeelioii of iiioiftanie. r.'idif>iodiiie, as jniirh as JO percent 
of the radioiodiiie eoiilaiiied in the liver and .•^mnll intestine was present as 
thyroxine, 'i'hest' amounts of radiolhyroxine ennnot he explained by 
experimental error.s in the ('xfraetion }>roeednres. The convcr.sion of 
iodide to thyroxine w.as .also ohsorved in ral.s in which the ahsenee of all 
thyroid ti.ssue was demoie'l rated experimei\tally. 

'I'he qne.stion arise.s wh.at ti.ssne.s are involved in the formation of thy- 
roxine and diiodotyro'^ine in the rat <leprived of all thyroid tis.sue. A 
eominirison of the speeifie aetivilie.s of thyroxine and of diiodotyrosine in 
plasma and tissues would yield intere.stiiu; information on thus point. 
Thus higher speeifie activities of thyroxine and jliiodotx’rosine. in muscle, 
liver, or .small intestine than in pl.nsma wotdd .show that pla.smn is not 
contributing ajrprt'ciahle amounts of tiiose eomponnd.s to these tissues. 
To make this conclusion valid, specific activifi(>s .should he measured at a 
time before their maximum vahies are attained. Such studie.s arc in 
progress in (his laboratory. 


SU.M.M.XUV 

1. Tlic conversion of iodide to diiodotyrosine and thyroxine was meas- 
ured in rats whose oxygen consumptions had been reduced considerably by 
excision of all visible thyroid li.s.suo. As early ns Pli hours after its injec- 
tion, 30 per cent of radioiodinc contained in the liver and in the small in- 
testine was organically bound, 20 per cent as diiodotyrosine and as much 
as 8 per cent as thyro.xinc. 

2. The presence of newly formed radiodiiodotyrosine and radiothyrox- 
ine was established in rats that had been deprived of their tluToid glands 
for several months by demonstrating a constant radioactivity per unit of 
ciystallinc material obtained during several rccrystallizations of (1) a 
mixture of the th.vroxinc-likc fraction of the tissues and inert crystalline 
thyroxine and (2) a mixture of the diiodotyrosinc-like fraction of the 
tissues and inert crystalline diiodotyrosine. 

3. The conversion of iodide to thyroxine and diiodotyrosine was demon- 
strated in rats showm to bo completely deprived of all thyroid tissue by (1) 
histological examination of all serial sections of all tissues from the base 
of the tongue to and including the trachea, esophagus, thymus, heart, 
pericardium, and associated great vessels and (2) the absence of iodine- 
concentrating tissues in the neck and mediastinal regions as measured by 
radioautographic procedures. 


BIBLIOGRAPHY 

1. Baumann, E., and Rods, E., Z. physiol. Chevi., 21, 481 (1896). 

2. Oswald, A., Z. physiol. Chem., 27, 14 (1899); 32, 121 (1901). 



MOllTON, CHAIKOFF, REINHARDT, ANDERSON 


769 


3. Abclin, I., and Florin, A., Arch. czp. Path. u. Pharrnakol., 171. 443 (1933). 

4. Abclin, I., Arcli. cip. K. F/iarmato?., 176, 146, 151 (1034). 

5. Ludwig, W., and von Mutzcnbechcr, P., Z. physiol. Chcm., 2B8, 105 (1939). 

6. Oswald, A., Z. physiol. Chcm., 70, 310 (1910). 

7. Harington, C. R., and Rivers, R. V. P., Nature, 144, 205 (1939). 

8. von Mutzcnbeclver, P., Z. physiol. Chcm., 261, 253 (1939). 

9. Block, P., Jr., J. Biol. Chcm., 135, 51 (1940). 

10. Johnson, B., and Tewkesbury, B., Jr., Proc. Nat. Acad. Sc., 28, 73 (1942). 

11. Lerman, J., and Salter, W. T., Endocrinology, 25, 712 (1939). 

12. Muus, J., Coons. A. H., and Salter, \V. T., J. Biol. Chcm., 139, 135 (1941). 

13. Reineke, E. P., and Turner, C. W., Endocrinology, 29, 667 (1941). 

14. Reineke, E. P., Williamson, M. B., and Turner, C. W., J. Biol. Chcm., 143, 285 

(1942). 

15. Chapman, A., Endocrinology, 29, 686 (1941). 

16. Perlman, I., Chaikoff, I. L., and Morton, M. E., J. Biol. Chcm., 139, 433 (1941). 

17. Perlman, I., Morton, M. E., and Chaikoff, I. L., Endocrinology, 30, 487 (1942). 

18. Perlman, I., Morton, M. E., and Chaikoff, I. L., /. Biol. Chcm., 139, 449 (1941). 

19. Morion, M. E., Perlman, I., and Chaikoff, I. L., J. Biol. Chcm., 140 , 603 (1941). 

20. Benedict, F.G.,J.iVi(lri(ion, 3, 161 (1930). 

21. Reinhardt, W. 0., Proc. Soc. Exp. Biol, and Med., 60, 81 (1942). 

22. Gutman, A. B., Benedict, E. M., Baxter, B., and Palmer, W. W., J. Biol. Chcm., 

97, 303 (1932). 

23. Herriott, R. M., J. Gen. Physiol., 25, 185 (1941-42). 

24. Morton, M. E., and Chaikoff, I. L., J. Biol. Chcm., 147, 1 (1913) . 

25. Harington, C. R., Biochem. J., 22, 1429 (1928). 




THE MECHANISM OF CARBON DIOXIDE FIXATION IN 
CELL-FREE EXTRACIB OF PIGEON LIVER'* 
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The fixation of C"0: by cell-free extracts of pigeon liver has been reported 
previously J[l). This paper deals with a detailed study of these extracts 
and describes a preparation in which the initial fixation and the subsequent 
distribution of labeled carbon are apparently the result of the occurrence 
of the accompanying reversible reactions. 
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Reactions 1 and 2 occur when pyruvate alone is present as a substrate. 
Reactions 3 and 4 occur in addition when fumarate or malate is added with 
pyruvate. 


* Aided in part by grants from the John and Mary R. Markle Foundation and 
from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the University of 
Chicago. 
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Mrlko'h 

I’yvvivuti' was dclci luincd l>y tlia rarlKiAyla':'’ inatliocl (2), succinate 
acconHuf: In Kfi'iis’ mnilifiration (.'t) of S7<'i)t-f>yorp>'i niul Gozsy’s pro- 
('('ihno (■!), fiunurat*' ntut inalulo nrcordiiif: to Kn-i)s, Smyth, and Evans 
(a), (t-kotnyjiitarain aconniitui to Kridis nmi Kpidoston (0), citrate accord- 
ing to I’ucher, Sherman, and Vicdiery (7), lactate according to Fricdcmann 
and (traescr (S). 'i'ntal rarhon <Hn\ide was determined by pipetting an 
aliiiuot into 10 per cent Xatiil in a Warbnrf: vessel and measuring, mano- 
metrieally, the carbon dioxide liberated on tipping acid in from the side arm. 
In all those exjuainu nts in which analyses were nuuh; for total carbon 
dioxide, inodiation was carrii'd out in a vessel completely filled with the re- 
action mixture and tightly stoppered so that there was no gas phase present. 

Suitable dilutions of redistilled standard molar pyruvic acid were ncu- 
traliml immediately befon' use with 1 M NalirOj. Oxalacetic acid was 
jrrepared from the sodium salt of diethyl oxalacc'tate according to Knimpits 
atul Workman (0). All acidic substanct's were added a.s the neutral sodium 
salts. 

Preparation of /iar.i/mr— 'i’he liv(>r.s were removed from pigeons imme- 
diately after decapitation, cooled on ice, and minced. Idie mince wa.s im- 
mediately .sus])ended in 5 volumes of ice-cold acetone, stirred for 5 minutes, 
and filtered oil with suction. If the powder thn.s obtained did not drj* 
rapidly, the acetone treatment was repeateil. Such jiowders, stored in a 
vacuum dc.siccator in the refrigerator, were sttdde for a month or longer. 
The crude enzyme mixture was prepared by extracting the acetone powder 
for 5 minutc.s at -10° with S volumes of distilled water and centrifuging off 
the solid particles. The red-brown suiicrnatant was clear or cloudy, 
depending apparently on the glycogen content of the livers used. Tliis 
extract was either used directly or wa.s dialyzed or precipitated with 
ammonium .sulfate. Further details arc given in the description of the 
individual experiments. 

Assay for Utilization of C‘'0: — Carbon dioxide utilization was measured 
by incubating a given preparation at -10° with variou.s additions in the 
presence of a known amount of C^O; (added as an aliquot of a dilute Na:- 
C ‘’03 solution). At the end of the reaction time the mixture was depro- 
teinized with a measured amount of 10 per cent metaphosphoric acid and 
filtered. C^Os was removed from the filtrate by bubbling carbon dioxide 
through the solution for 30 minutes. Control experiments in which C‘’Oj 
xvas added to filtrates after precipitation with metaphosphoric acid showed 
that this treatment adequately removed all traces of labeled carbon present 
as carbon dioxide. The radioactivity remaining in the filtrate, therefore, 
represented the total amount of C“ fixed in organic form. The radioac- 
tivity of aliquots of the filtrate and of the original Na 2 C “03 solution w-as 
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measured quantitativelj' with a Geigcr-MuUer counter. The Sxation 
was calculated and expressed ns per cent of the total C“ initially added to 
the sample. The amount of carbon represented by a given amount of 
radioactivity will varj- with the total amount of available carbon in which 
the C" may be distributed. This Avas not the same in different experi- 
ments, since a varietj’ of procedures was employed. 'UTiile at first the en- 
2)^0 was assayed under conditions similar to those employed in working 
with fresh liver mince (10), nitrogen was substituted for oxj’gen when it 
was found that fixation occurred just as readily under anaerobic as under 
aerobic conditions. In the ex-periments described in Tables I and III, 4 
ml. of Ca-free Krebs’ bicarbonate-saline plus the various substrates were 
equilibrated with 95 per cent N-, 5 per cent carbon dioxide in 50 ml. vessels 
at 40°. Then 4 ml. of enzj'me and 1 ml. of Na 2 C ''03 were added, the ves- 
sels were stoppered, and the mixture was incubated with shaking for 20 

Table I 

Effect of Substrates on Fixation of C"Os by Crude Extracts 


Each vessel contained 4 ml. of acetone powder extract, 4 ml. of Ca-free Krebs’ 
bicarbonate-saline, 1 ml. of NajC‘'Oi solution plus substrates as indicated; incu- 
bated 20 minutes at 40° in an atmosphere of 5 per cent COs, 95 per cent Ns. 


i 

' C** fixed (as per cent of total added) 

Sub'slrate | 



Experiment I 

EzperimeDt II 

None ^ 

0.5 ml. 0.5 M pyruvate ' 

* 3.3 

: 21.1 

2.7 

15.9 

0.5 “ 0.5 fumarate 


5.6 

0.5 “ 0.5 ** pyruvate + 0.5 ml, 0.5 m fumarate. 

1 36.3 

44.1 


minutes. Later it was found that the bicarbonate-saline could be omitted 
and incubation was carried out in small test-tubes without shaking. A 
series of twenty such tubes could easily be set up in one experiment for 
assay Avith one preparation of radioactive carbon. 

Ulilizaiion of C'"Oi by Undialyzed Enzyme Extracts — ^Undialyzed enzj'me 
extracts prepared as described aboA'e utilized small amounts of C'Oi A\-hen 
incubated vdthout added substrates. The addition of pyruvate caused an 
increase in the quantity of C^'O- fixed. While the addition of fumarate 
alone had little effect, the addition of both fumarate and pjTmvate gaA'e a 
further increase in fixation. These effects are illustrated in Table I Avhich 
gives results obtained with two separate preparations. 

Properties of Precipitated and Dialyzed Extracts — ^The enzj-me system 
responsible for carbon dioxide utilization could be precipitated by tw-o- 
thirds saturation with ammonium sulfate. After resuspension of the pre- 
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cipitafo in wiilcr, mui dialysis npainat pliospluitc. hiifTcr, the necessity of 
pyruvate, fumnrate, and a hoiled tissue extract for a larife C" uptake could 
be very oh'arly di'inonsl rated. A typical ex{)eriment i.s shown in Tabic II. 

The fact that dialy.sis and i)reeipila(ion by ammonium .sulfate rc.sultedin 
little loss of activity is .shown in 'I’able 111. Di.alysis aicain.st 0.025 .M phos- 
jihale, pll 7.*1, resulted in preparation.s with .somewhat higher activity than 
tho.so obtained by dialy.sis ng.ainst distilled water. In eacli ca.se the effect 
of pyruvate, fumarate, and boiled tissue extract was dcmon.stratcd. 

While the nature of the activating .substances in the boiled ti.ssuc extracts 
is not known with certainty, the substitution of and a crude cozy- 

T.Mit.r. II 

Effect of Tissue. Extract and Suhslratrs on C"()t Fixation h'j Anmonium SulfaU 

Precipitates 

'58 ml. of an II;0 extract of tlic acetone powder of piRCon liver + 21 rnl. of .s.aturatcd 
(N1IO;S04 wore used. The precipit.ate wa.s rentrifiipcd off and discarded. 3-5 ml. 
of saturated (NHO-SOj were added to C7 ml. of supernatant. The precipitate was 
rcsu.spondcd in lljO and dialyzed for 21 lioiirs at 0’ acnin.st 0.025 M phosph.atc, pH 
7.'1. The final enzyme volume wa.s I.*) ml. Incuhation wa.s carried out in .stoppered 
test-tubes at ■10'’ for 30 minute.s. Hach tube contained 0.5 ml. of 0.151 .MNnllCOi 
saturated with COinndO.5 ml. of Xn-COj .solution plus other additions .asindicated. 



C» fiwd {as p<r 
of total C>> added) 

Eni>-tnc 

Tissue cslract* 

\ 0 S M sotltum 

pyruvate 

0.5 M stxljum 
fumarate 

ml. 

ml. 

ml. 

ml. 



2 

0.2 

0.2 

0.0 

2 


0.2 

0.2 

0.2 

2 

2 


0.2 

1.6 

2 

2 

0.2 


1.4 

2 

2 

0.2 

0.2 

32.8 


• 1 part of freshly ground beef liver and I part of water heated for 5 minutes in a 
boiling water bath, and filtered. 


mase preparation for such extracts (boiled muscle extracts were as effective 
as boiled liver extracts) gave mixtures almost as active as those obtained 
with the extracts themselves (Table IV). 

The identit 3 '' of manganese and cozymiase with the activating agents pres- 
ent in boiled tissue extracts is, of course, not proved bj’’ such an experiment, 
particularlj' in view of the relative^’- largo quantitj’- of crude coz 3 'mase 
emplo 3 ’^ed. It seems probable, however, that at least part of the effect of 
boiled tissue extracts is due to the presence of these substances. 

Chemical Reaciions Occumng during Carbon Dioxide Utilization. Evi- 
dence for Reactions 1 and S: Enzymic Decarboxylation of Oxalacetic Acid— 
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'W'hen pjTuvate alone, without added fumarate, is incubated with bicar- 
bonate in the presence of dialj'zed cnzj'me supplemented with manganese 

Tabi-e III 

Comparison of C‘'Oj Fixation by Various Preparations 
Enzyme 1, original undialyzed extract prepared as in Table II; Enzyme 2, pre- 
pared by dialyzing Enzyme 1 against distilled water; Enzyme 3, prepared by dialyz- 
ing Enzyme I against 0.025 m phosphate, pH 7.4; Enzyme 4, prepared by precipi- 
tating 30 ml. of EnzjTnc 1 at two-thirds saturation with ammonium sulfate, 
redissolving in water, and dialyzing against 0.025 si phosphate, pH 7.4; final 
volume 24 ml. All dialyses were carried out for 24 hours at ice box temperature. 
Each vessel contained 4 ml. of Ca-free Krebs’ bicarbonate-saline, 1 ml. of NajC‘'Oj 
plus additions as indicated; incubated 20 minutes at 40° in an atmosphere of 5 per 
cent COj, 95 per cent Nj. 




Additions 



fixed 

(as per cent of 
total added) 

Enzyme No. 

Amount of 
enziTne 

Tissue extract* 

0..5 if sodium 
pyruvate 

0.5 if sodium 
fumarate 


ml. 

ml. 

ml. 

ml. 


1 

4 


0.5 


13.9 

2 

4 


0.5 


0.6 

2 

2 

2 

0.5 


4.8 

2 

2 

2 

0.5 

0.5 

14.9 

3 

4 


0.5 


1.8 

3 

2 

2 

0.5 


5.5 

3 

2 

2 

0.5 

0.5 

23.1 

4 

4 


0.5 


0.3 

4 

2 

2 

0.5 


5.3 

4 

2 

2 

0.5 

0.5 

22.3 


* Prepared by heating Enzyme 1 for 5 minutes in a boiling water bath and filtering. 


Table IV 

Comparison between Effect of Tissue Extract and Other Additions 


2.0 ml. of enzyme (dialyzed against 0.025 si phosphate, pH 7.4), 0.5 ml. of 0.154 sr 
NaHCO, saturated with CO,, 0.2 ml. of 0.5 M pyruvate, 0.2 ml. of 0.5 si fumarate, 
and 0.5 ml. of NasC”0, solution; incubated 1 hour at 40°. 



Per cent fi.xed 


43 

** + 0,6 ml. 0.005 M MnClx + 0.4 ml. cozymase solution*. 

32 


* Prepared according to Williamson and Green (11), 1 mg. per ml. 


and cozymase, no chemical change can be detected in the reaction mixture 
(Table V). Under these conditions a small amount of C“ is fixed, how- 
ever, and practically all this radioactivity appears in the pyruvate. Thus, 
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in a Foparatf’ ('xpiTinicnl similar In (hat in 'J’ahlc V, with pyruvate in- 
cuhatcii 20 inimite*^ in the presrnn' of 0.7 per cent of the added C" 
w,'!.'; fixed in 20 inimiiep, 'I’lic aildition of exrc.v^! dinifrophenyiliydrazine 
precipitated 90 per rent of the fixed radioactivity. Olio Mipernalant rc- 
maininp after (he remova! of the radio.ictivo preri])itatn contained 12 per 
cent of the fixed C”. Althonpli the recovery, lOS per cent, i.*? iiighcr than 
theoretical, (he tleviation is Icf^s than the aiim of the pos.dhlo errors, and the 
experiment demon.strati'.s that under the.=e conditions the pyruvate con- 
tains practically the whole of the utilimJ rar!>on dioxide. 

Apparently an exchange reaction h.ns oceurreil wherein' the pyruvic acid 
added to the solution ha.s heroine radioacti%'e. 'llie .>^itnplesl explanation 
for this efTect is to postulate that there i.s in the enzyme solution an cquilih- 
riiun represented hy Reactions 1 and 2. 'i’his ns.'^nmes a reversible shift 
in the position of the hydroxyl group of the enol form of oxalacctic acid. 

Taiu.c, V 

.•Ic/i’on of I'mitme on Pijriivnlr Alone 

10 ml. of enzyme dmlyzcd nRiiinst 0.02o M plio.-tplmle, pll 7.1, 3 ml, of 0.005 M 
MnCfj, 2 ml. ofcorymnse (IniR. jicr inl.),2tnl. of 0.1.5 .s N.aHCOjfl.ituratcdwithCOi, 
1 ml. of pynivfile; inculmtcd 1 liour nt 39", 

Initial COj S13 

Final COs . . . 810 

Initial pyruvate ' 970 

Final pyruvate I Dll 


Calculation* of the equilibrium point of Reaction 1 shows it to be far to 
the left. Our present analytical methods arc not sufficiently delicate to 

* The equilibrium constants for the reactions discussed hero can be calculated 
from the values for the free energy of formation at SS". 


( 1 ) 


( 2 ) 


( 3 ) 


O.valacotate -f- H-O — * pyruvate -f IICOj“ 
-184,210 -56,200 -100,100 -139,200 

AF = -5250 


(Pyruvate~)(HCOa~) 

(O.valacctatc) 


4.92 X 10’ 


Fumaratc” + 2HjO -♦ lactate” + HCOj” 
-142,525 -112,400 -117,960 -139.200 

AF = -2235 


(Lactatc~)(HCOj~) 

(Fumaratc) 


Fumaratc" -p HjO — * mnlato” 
-142,525 -56,200 -199,430 

AF = -705 
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show the presence of the small amount of oxalacctate which should be 
present. However, we have been able to demonstrate in our preparations 
an active thermolabile enzyme catalyzing the reverse reaction; namey, 
the decarboxylation of oxalacetic acid to pyruvate and carbon 
This enzyme is active under the conditions employed for the C' utiliza- 
tion experiments, but it can be more easily demonstrated and studied at a 
pH sufficiently acid to allow the direct manometric measurement of the 
liberated carbon dioxide. A sodium acetate-acetic acid buffer imxture ot 
pH 5 was found to be suitable. 

Fig. 1 shows experiments which demonstrate the presence of the enzyroe 
and the fact that it can be activated by divalent manganese ions. The 
enzj'me alone, without addition of manganese, shows some activHy in spite 
of the prolonged dialysis. There is a small spontaneous decarboxy a ion 
without added enzyme or manganese, and a slight catalytic effect is s own 
by the heated enzyme, but the rates are much lower than those observed 
with the unheated enzjmie plus manganese. The addition of diphospho- 
thiamine^ had no effect on the rate of decarboxydation. The possi i \ y 
that the enzyme may contain bound diphosphothiamine has not yet een 

ruled out. _ • t?- o mv. 

The sensitivity of the enzyme to heat treatment is shown in rig. . e 
data here clearly indicate that the catalytic effect observed differs from t a 
caused by the thermostable substance described by Breusch (12). 

The enzyme, which we shall call oxalacetate carboxylase, seems to be 
similar to the bacterial enzyme described by Krampitz and Werkman (9), 
but differs in at least one important respect; it is not appreciably activated 
by magnesium ions. The comparative effects of similar concentrations o 
manganese and magnesium ions are shown in Fig. 3. 

Oxalacetate carboxylase converts oxalacetic acid quantitatively to car- 
bon dioxide and pyruvate. The amount of carbon dioxide obtained rom 
a given oxalacetic acid solution when the enzyme reaction has gone to com- 


(Malate~) _ g 2 
(Fumarate") 

The relationship at equilibrium between lactate, bicarbonate, fumarate, and 
malate can better be visualized by combining (2) and (3) to give 

(Lactate)(HCOi~) = 37/4 2 = 9 
(Fumarate -t- malate) 

especially since analyses are listed for the sum of fumarate + malate. The free 
energy values used in these caleulationa are from an unpublished loanuacnp o 
Professor H. Borsook of the California Institute of Technology. IVe are indebted 
to Dr. Borsook for permission to use them. 

’ tVe are grateful to Merck and Company, Inc., for the gift of this material. 
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Fio. 1. Domonstrfttion of n hciit-liihilo enzyme which (Iccnrboxylntcs oxalncclic 
ncicl. Encli vessel contained 0.5 ml. of 0.1 m ncotnte buffer, pH 6.0, and water to 
make a final volume of 2.0 n\l. MauRnneso was added a.s 0.1 ml. of 0.01 m MnCU; 
enzyme, 0.5 ml. of dialyzed acetone powder extract of pigeon liver; 0.1 ml. of oxal- 
acetic acid wa.s tipped from the aide arm at 0 time after equilibration at 25°. The 
heated enzyme wa.s held in a boiling water bath 1 minute. 

Fig. 2. The heat inactivation of o.xulncctnte carbo.x.vlnso. Each vessel eon- 
tained 0.3 ml. of enzyme held in a water bath for 1 minute at the temperatures indi- 
cated, 0.5ml. of 0.1 M acetate butTcr, pU5.0,0.1 ml. of O.Ol M MnClj, and water tomnko 
a final volume of 2 ml.; 0.1 ml. of oxnlacetic acid was tipped from the side arm at 0 
time after equilibration at 25°. 



Fig. 3. Comparison of manganese and magnesium cfTcots on o.xalaeetate car- 
boxylase. Each vessel contained 0.2 ml. of enzyme, 0.5 ml. of 0.1 m acetate, and 
water to make a final volume of 2.0 ml.; Mn and Mg were added as 0.1 ml. of 0.01 m 
chloride; O.I ml. of oxalacetic acid was tipped from the side arm at 0 time after equili- 
bration at 25°. 
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pletion is identical with that obtained by simultaneous decarboxjdation of 
an aliquot of the same solution with aniline citrate, under the conditions 
of Edson (13). The pjTuvate formed, when determined by the carboxylase 
method, is equal to the carbon dioxide evolved, after correction is made 
for the spontaneous decarboxjdation which occurs before the oxalacetic 
acid is tipped into the enzj’me S 3 ’stem. Tliere is no appreciable evolution 
of carbon dioxide from a-ketoglutaric acid or acetoacetic acid when these 
compounds are added to solutions of the enzj-me. 

The enzjune is completely inhibited bj' 0.01 m malonate under the con- 
ditions described in Fig. 1. 

We have been unable as j'et to find any oxalacetate carboxjdase in dia- 
b'zed extracts of acetone powders from the livers of other species. When 
the simple procedure used to make and test the pigeon liver preparations 
was applied to rabbit, rat, and beef liver, there was no evidence for the exis- 
tence, in these preparations, of a thermolabile catalj’tic agent. This is in 
accord nith the fact that, while the livers of these species utilize when 
used as fresh suspensions, we have not succeeded, as jat, in preparing active 
cell-free extracts from them. When dialyzed extracts of acetone powders 
prepared from rabbit muscle and pigeon breast muscle were examined, 
however, some thermolabile enzyme activity could be demonstrated, 
though it w'as less than one-tenth the usual amount of activitj’’ obtained 
from an equal weight of the acetone powder of pigeon liver. 

The activity of the crude pigeon liver preparation is shown b 5 ' an ap- 
proximate Qcoj calculation. In the experiment shown in Fig. 3, the com- 
plete system evolved carbon dioxide at a rate of 19 microliters per minute 
(after correction for the carbon dioxide evolution of heated enzjme and 
manganese). The amount of extract used was 0.2 ml., containing about 
2 mg. of dry weight. The Qcoi was therefore 19 X 60/2 = 570 micro- 
liters per mg. per hour. 

These facts, then — ^the appearance of radioactivity in pj'ruvate added 
to the dialyzed enzyme and the demonstration of an enzyme catalj^zing 
the decarboxylation of oxalacetate — constitute evidence for the occurrence 
of Reactions 1 and 2. 

Evidence for Reactions S and 4 — The enzyme mixture contains an active 
fumarase. The equilibrium between malate and fumarate is approached 
rapidly from both sides. WTien 4 ml. of dialyzed enzjme were incubated 
with 2 ml. of 0.1 m fumarate, the ratio, fumarate added to fumarate 
recovered, was 4.16 after 5 minutes incubation, and 4.29 after 10 minutes. 
These values are in agreement with the average of 4.17 reported by Krebs, 
Smyth, and Evans (5) for pigeon breast muscle at 40°. Further, malate 
has an effect similar to that of fumarate on the utilization of C^Oj. 

The chemical changes that occurred when fumarate and pjTUvate were 
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added FtmuUaneoitMy (o a dialyzed enzyme pri^pnration supplemented 
with manganese and eozyma.':e are shown in 'I’ahle VI. Within the limits 
of error of the proeefhire, there wn.a no change in the coneentration of pyru- 
vate. For every mole of fumarate (fnrnarate and inalate) dis.appcnring, a 
mole of laefic arid and a mole of enrhon dioxide were formed. No suc- 
einate, eitrate,’ or o-ketojdularate formation eonld he detected. Tlie 
changes listed in Tahle VI eonstilule a eomplele carbon l>alance .and must 
therefore represent flu* net result of nl! the chemical changes occurring 
during the carbon dioxide utilization. 'I'he over-all reaction is fumarate 
-f- 21I;0 — ‘ lactate -- HCOr, which can be subdivided into the following 
reactions. 


V! 

Chemical Chaagcf Occurring during C'H), Fixation 
The cnr.ytno was propnred Py dinlysifl for 3 <lnyB iipain.Ht 0.02."> m pliospliate bufree 
10 nd. of enzyme, 3.0 ml. of O.OO.I .\t MnfM-, '2 m). of O.I per rent crude rnzymn.se prepa- 
rntion, 2 ml. of O.lfil n N'nltCOj snlnr.ntett with CO;, 11,200 microlitera of pyruvate 
in 1 ml., and 0100 mieroliter.s of fumarate in 1 ml ; inrnbnted IJ hours at 39°. No 
gns phn.se. 



Tyruvatf 1 

1 

i ToUl COi 

j FumiMlt -h aihtt 


nitrclUers ^ 

^ micrelilffi 


■ nierx^liff'S 

Initial 

11,400 i 

1 1.30 

‘ S.970 

i 9400 

Final 

11,200 

4330 

13,180 

4980 

A 

-200 1 

j -b4200 

; -b4,210 

j -4420 


(3) Fumarate -p II.O ;=^ mnlnte 

(4) Mnlatc + pyruvate oxnlacctnte + lactate 

(1) O.vniacctntc -f II-O pyruvate -}- bicarbonate 

Tliere may be other intermediarj' steps but they do not lead to the accu- 
mulation of intermediates which can be distinguished from the initial and 
final reactants by the analytical procedures employed. It should be noted 
that the small amount of oxalncctate which might accumulate would be 
determined in the analyses as pyruvate and carbon dioxide. Application 
of Straub’s (14) color test for oxalacetate to the reaction mixture gave a 
faint positive reaction. As one would expect, this test was much stronger 
when carried out on an enzyme-sub.strate incubation mixture containing 
cozymase but no manganese. 

The utilization of carbon dioxide by these dialyzed extracts in tlic 
presence of fumarate, pjTUvate, and the necessary eofactore must be asso- 

> We arc obliged to Dr. Joseph J. Ceithnml for the citrate analyses. 
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ciated with Reactions 1 to 4 and can be explained in terms of their rever- 
sibility. The radioactive carbon taken up in the oxalacetate (Reaction 1) 
becomes distributed in the fumarate, malate, and lactate through the 
reversibility of Reactions 3 and 4 and in the pyruvate by Reaction 2. 
The increased quantity of carbon dioxide utilized when fumarate is added 
with pyruvate can be explained, then, bj' the accumulation of radioactive 
carbon in the carboxyl groups of these various monocarboxjdic and dicar- 
boxylic acids. Support for this view is furnished by an experiment set 
up as in Table VI, but with C" added. 68 per cent of the C** xvas fixed. 
In contrast to the experiment previouslj’’ described in which pyruvate 
alone was used as a substrate, only 15 per cent of the fixed carbon dioxide 
was found in the pyruvate; that is, was precipitated by dinitrophenj^lhy- 
drazine. The remaining 85 per cent was found in the filtrate and in view 
of the lack of other soluble intermediates must exist as lactate, malate, and 
fumarate. 

The carbon dioxide formation which occurs in the presence of pyruvate 
and fumarate (Reactions 4 and 1) can be followed manometrically when the 
reaction occurs at pH 5.5 in an acetate buffer, under conditions similar to 
those employed in Fig. 1. The procedure has advantages over more la- 
borious chemical analyses and has been used extensively to study the effects 
of cofactors and inhibitors and the substitution of other substrates for 
pyruvate and fumarate. 


DISCUSSION 

The utilization of CO 2 by heterotrophic bacteria was first demonstrated 
by Wood and Werkman (15). 

By the use of radioactive C‘'02 it has been possible to demonstrate a 
direct utilization of carbon dioxide by animal tissues in the sjmthesis of 
a-ketoglutaric acid from pyruvic acid in pigeon liver (10). 

Early work in Krebs’ laboratory on the utilization of pyruvate in pigeon 
liver (16), the work of Krebs and his collaborators (17), the w'ork of Wood 
and Werkman on propionic acid bacteria (18), and their later investiga- 
tions on minced pigeon liver (19) suggested very strongly that the initial 
step in this utilization of carbon dioxide was the formation of oxalacetic 
acid. However, in view of the complexity of the systems studied in these 
investigations it seemed desirable to study these reactions with simplified 
enzyme sj'stems, particularly so since the radioactive carbon in the S 3 m- 
thesized a-ketoglutaric acid represented only a small fraction of the total 
quantity of carbon dioxide fixed. 

The work presented in this paper deals with a system so simplified that 
the chemical reactions are few in number and are, in their net terms, com- 
pletely described. It is possible to demonstrate the carboxylation of pyru- 
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CAiUJON Dioxim; riXATiox 


Vfi(<' in Ji HVf^lcin unromplirnlrfl hy fhf sirmiltaticoiifi occtirrcnnc of the 
more rnnttovor.'jijil plias('a nf flic ritr.'itr ryrlc. 'Hio on;5ynK! rcKponpiblc 
for tlic (IccarboNybition of oxaf.'iri'tivlo is most proi)ai)ly the enryme in- 
volved in (lie e.'irho.vyl.'ition itself anrl is siniiliir to, nlthotifrii apparently not 
identieal willi, llie one foiiiii! in harlerinl preparations by Krampitz and 
Workman (0). 

Perhaps the most imeertain feature of the eonehisions drawn is tlio shift 
in the enol form of the oxalaeetate (Ueaetion 2) first postulated by Meyer- 
hof (20). This reaelion is hypothetieal and is included with the other 
reactions, for all of whieh pood evidence is availalile, because it is the 
simplest explanation for the incorporation of ialnded carbon in the pyruvate 
molecule wlien pyruvate alone is .added ns a sulistrafe. 

It would be jiossible to exidain the experimental facts without postulat- 
inp this reaction if it was assumed that the enzyme preparation contained 
a quantity of lactate, or some other metabolite, sufficient to reduce the 
ox'ahicetic acid formed from carbon rlioxide and pyruvate to m.nlatc which 
would be in equilibrium with the .symmetrical fumarate molecule. Since 
the amount of reductant retpiired would be very small, this po.ssibility can- 
not. be excluded. 

The omis.sion of phosphate from the formulae does not imply a belief 
that pho.sijhato maj' not be involved. All the enzyme i)rcj)arations used 
contained phosphate. There wa.s no evidence for the formation of organic 
phosphates during the cour.se of (he reaction, but no attempt has yet been 
made to ascertain the cfTcct on the reactions of the complete removal of 
phosphate. 

It is of interest to compare the carboxylation of pyruvate in animal tis- 
sues with the photosynlhctic utilization of carbon dioxide in plants that 
represents the ultimate source of carbon for organic compounds. This 
latter process can be regarded as involving a preliminary non-photosyn- 
thetic, so called, “dark reaction,” whereby carbon dioxide is converted into 
the carboxjd group of some organic compound followed by a series of photo- 
synthetic reactions leading to the ultimate formation of carbohydrate 
(21). There is, then, a net uptake and reduction of carbon dioxide during 
this process. In liver, the utilization of carbon dioxide also involves, as 
we have seen, an initial carboxylation, although tlic products of the reac- 
tion in plant and animal are apparently^ quite different. Tlie subsequent 
fate of the initial product of fixation in the animal will determine to wliat 
extent we can regard the carbon dioxide fixation as involving a reduction of 
carbon dioxide. The appearance of large quantities of radioactive carbon 
in a compound does not indicate that a net uptake of carbon dioxide is 
involved. For example, when the dicarboxylic acids are converted into 
glycogen, the reaction, according to our present information, probably in- 
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volves the conversion of the acid into a 3-carbon particle with the loss of a 
molecule of carbon dioxide, so that no net uptake of carbon dioxide occurs 
(22, 23). Our information about the mechanisms by which fat is synthe- 
sized is slight, but if a 3-carbon carbohydrate particle is a necessarj’^ inter- 
mediate in the synthesis of fat from the dicarboxylic acids, then neither 
the formation nor storage of carbohydrate or fat would result in a net up- 
take of carbon dioxide in the animal organism. However, to the extent 
that fat may be sjmthesized and stored from the dicarboxylic acids or from 
the 2-carbon particles resulting from the splitting of the dicarboxylic acid, 
or to the extent that there is a direct conversion of the dicarboxylic acid into 
protein material, and its storage as such, for example by the formation of 
aspartic acid, this would represent a mechanism whereby the animal would 
convert carbon dioxide into tissue constituents with a net uptake of carbon 
dioxide. 


SUMMARY 

It is possible to prepare cell-free pigeon liver extracts containing the en- 
zyme system involved in the initial reactions of carbon dioxide fixation. 
These extracts contain a heat-sensitive enzyme, activated by Mn ions, 
catalyzing the decarboxylation of oxalacetio acid. This oxalacetate 
carboxylase is also involved, presumably, in the carboxylation reaction. 

The aqueous extracts containing this enzyme represent a system so 
smplified that the chemical reactions which occur (represented by Reac- 
tions 1 to 4) can be, in their net terms, completely described. It is con- 
cluded that the initial reaction involved in carbon dioxide fixation by 
pigeon liver is the Wood and Werkman reaction; i.e., the condensation of 
carbon dioxide and pyruvic acid to oxalacetic acid. 
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There are numerous chemical methods for the determination of nicotinic 
acid in blood (1-12). These arc based on the colorimetric reaction of 
pjTidine derivatives with cyanogen bromide and an aromatic amine such 
as aniline, p-aminoacetophenone, or p-methylaminophenol sulfate (elon 
or metol), first suggested by Bandier and Hald (13). 

The reaction between nicotinic acid, cyanogen bromide, and an aro- 
matic amine is not highly specific, since there are other pyridine deriva- 
tives which also produce color with cyanogen bromide and aromatic 
amines. This diflSculty has been partially overcome in the methods with 
cyanogen bromide and aminophenol by^ the introduction of potassium 
dihydrogen phosphate, and the use of Lloyd’s reagent. These modifica- 
tions do not yield specific results, because the cyanogen bromide-amino- 
phenol reagent even in the presence of potassium dihydrogen phosphate 
still reacts with nicotinamide, nicotinuric acid, diethyl nicotinamide, 
nicotine, and other substances to a lesser degree. Moreover, Lloyd’s 
reagent adsorbs a great variety of substances which might influence the 
color reaction. 

In the method described the factor of inadequate specificity and the 
process of adsorption on Lloyd’s reagent are eliminated. It is a colori- 
metric procedure which is rendered specific by the use of bacterial enzymes. 
The bacteria are grown on a synthetic' medium containing nicotinic acid 
as their sole source of carbon and nitrogen. They produce adaptive en- 
zymes which are contained in the washed bacteria and which may then be 
used to decompose nicotinic acid. This concept of the production of 
adaptive enzymes was expounded by Karstrom (14), Dubos and Miller 
(15), and Dubos (16). This technique has been successfully utilized in the 
determination of creatine and creatinine in blood (unpublished data of the 
author), in the analysis of creatinine in tissues (17, 18), and in the deter- 
mination of creatinine in body fluids (19). In the case of the creatine- 
creatinine-decomposing enzymes, a soluble extract has been prepared from 
the de.siccated washed cells (20). 

' Research paper No. 533, Journal Series, University of Arkansas. 
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Method 

Tlie method i:; hnw'd on the eolorlmetric reaction hetween nicotinic acid, 
elon, and eynnoRen bromide, adapted from Handier and Ilnld (13) and 
Porlr.weip rt ol, (21). Simultaneona <leterminntionf! arc carried out on 
.‘!ami)le.M of blood liltrate.s incubated with heated bacteri.al cells to obtain 
the total chromofamic material estimated as total nicotinic acid (Reading 1) 
and on sej)arate aliquots incubated with unheated bacteria to obtain 
re.sidual ehromogen e.stimated as residual nicotinic acid (Reading 2). 
The dilTerenco between Reading 1 and Rending 2 n-pre.^ents "tnic nicotinic 
acid." 

liragcnts — 

10 per cent Na:W0r2II;0 .solution. 

0.G7 N' HCl .solution. 

0.4 M KHjPOj solution. 

2.5 N IIjPO< .solution. 

CNBr reagent. This i.s prepared by the careful addition of cold satu- 
rated bromine water to a cold fre.shly prepared .solid ion of 10 per cent NaCN 
until the j'cllow color disappears. This solution is stable for over 3 weeks 
at 5°. The pll of the CNI3r solution is adjusted to 4.5 with HCl prior to 
its use, 

p-Methylamino})hcnol sulfate, solid, Eastman Kodak cion. 

Nicotinic acid standard. This contains 10 y per cc. in water, freshly pre- 
pared from a stock solution of 2 mg. per cc. of nicotinic acid in absolute 
alcohol. 

Bacterial suspension (licated and unheated portions). 

Preparation of Bacterial Cultures — ^Thc microorganism used is the NC 
(neutral culture) isolated from soil by Dubos and Miller (15). The author 
has kept this culture since 1939. It is kept on plain agar. The organisms 
are transferred from a 24 hour agar slant to tryptone broth prepared as 
described previously (17). A loopful of a 24 to 48 hour tryptone culture is 
inoculated into a 125 cc. Erlcnmej-cr flask containing 25 cc. of the medium. 
The medium contains 3 gm. of nicotinic acid, neutralized to pH 7.0 with 
sodium hydroxide, 5 gm. of sodium chloride, 25 cc. of m phosphate buffer, 
pH 7.0, made according to Green (22), 200 mg. of Difeo Bacto-j'east 
extract, and “artificial tap water" (17) up to 1 liter. Transfers are made 
to the same medium after 30 hours (it is occasionally necessary to incubate 
the first transfer as long as 72 hours to get heavy growth), ^tffien the 
organism is adapted by several transfers, the entire contents of each 125 cc. 
flask are inoculated into a 4 liter Erlenme}^!' flask containing 500 cc. of 
medium, and incubated for 30 hours at 37.5°. Tlie bacteria are separated 
by centrifugation, washed three or four times to remove all nicotinic acid, 
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and resuspended in a volume of sterile water equal to one-fortieth of the 
original culture medium. The activity of the culture is maintained by 
weekly transfers to the same medium. An interesting characteristic of 
this organism is the formation of green pigment in old cultures or at low 
temperatures. 

Method of Assay of Bacterial Suspension — 50 cc. unsioppered Lusteroid 
centrifuge tubes arc used. Reagent blanks, blanks containing reagents 
plus bacteria, tubes with 10 y of standard solutions of nicotinic acid, and 
assa5's containing 20 and 40 y of nicotinic acid plus amounts of bacterial 
suspension varying from 0.05 to 0.5 cc. are set up simultaneously. All 
tubes receive 0.3 cc. of 0.5 m phosphate buffer, pH 7.0, and water to 5.5 
cc. These are incubated at 37.5° for 30 minutes, then centrifuged at high 
speed for 20 minutes, and the clear supernatant fluid poured off into test- 
tubes. 4.0 cc. aliquots are pipetted into colorimeter test-tubes; the pH 
is brought to 4.5 with 0.10 to 0.11 cc. of 2.5 n phosphoric acid (with brom- 
cresol green as an external indicator). The amount of acid required is 
readily determined on the residual solutions after the 4.0 cc. aliquots have 
been removed. All solutions are then analysed as in the procedure for 
blood filtrates (see below). By such an assay it is found that 1 cc. of bac- 
terial suspension decomposes or renders non-chromogenic 200 y or more of 
nicotinic acid in 30 minutes. The cells retain their activity for at least 1 
month at 5°. It desired, the bacteria may be desiccated in vacuo over phos- 
phorus pentoxide; a more stable product is obtained thus but with the loss 
of two-thirds of the activity of the washed cells. 

Specificity of Bacterial Enzymes — The activity of the enzymes present 
m the washed bacterial cells was tested on nicotinic acid and various deriv- 
atives by incubation of these substances writh heated and unheated bac- 
teria for 30 minutes at 37.5°. The procedure was similar to that used in 
blood filtrates (see below). Since the chromogenic value of the derivatives 
was much less than that of nicotinic acid, it was necessary to use much 
larger amounts of these substances. Sufficient bacterial suspension was 
used to decompose or render non-chromogenic at least 20 y of nicotinic 
acid. Table I reveals that the bacterial enzjTnes did not appreciably 
affect the chromogenic property of freshly prepared solutions of nicotin- 
amide, diethyl nicotinamide, or nicotinuric acid. This is of great signifi- 
cance in the case of nicotinamide which gives one-fourth of the color of 
nicotinic acid. The persistence of its color reaction after incubation with 
the w'ashed bacteria illustrates the marked degree of specificity of these 
enzymes. It might also be noted that the same bacteria when grown on a 
medium containing creatinine as the sole source of carbon and nitrogen did 
not produce enzymes which attacked nicotinic acid. 

Determination of True Nicotinic Acid in Blood Filtrates — ^iSIore constant 
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fttul rojiroducihlo "Into nirotinic nrid” vnltK'K wore obtained on ncid- 
hydrolyrod tuiiKslie judd blond fdlrafea than on blood aamplca which 
were dirortly hydroiyrcd before removal of the proteina. Hence this 
method \va.s used, 

1:5 tunRatic, acid fdiratea of oxalateri whole blood arc prepared. Tiic 
pi-ecipitnted protein is aei>arated by eentriftiRatinn and the supernatant 
fluid is recent rifnped to eliminatr' the .small partiele.s. 15 cc. of clear fil- 
trate arc then treated w'ith 5 cc. of 8 n hydrochloric acid for at least 1 hour 
in a water bath at 90-95'’. A proenish precipitate form.s wliich di.sappears 
on neutralization. The .solution i.s apjiroxirnatcly neutralized with 8 K 
sodium hydroxide in the pre.sence of 0.01 cc. of iihcnolphthalein, and then 
brought to pi I 7,0 with 1 n hydrochloric acid (in the pre.scnce of brom-thy- 
mol blue a.s oxtorn.al indicator), l.-l ce. of 0.5 M phosphate buffer, pH 7.0, 
arc now added to the solution which is chair and colorle.s.s and ha.s a volume 


Taiii.i: 1 

Specificiiii of Nicatinic Acid-Dccomposini; ItnrUrinl /inrywr.'s /nr Xicctinic .-Icid 

and Drntalitrf 


1 

Sulistancc | 

I Chromr.:tnic j 

cfjuivatrnt M i 

nicotnic ariil j 

Of dffivativc 

1 

1 

j Amoonl u«d 

1 

Dccompo<iilon In 

30 mb. 37»5* 

1 

1 f-<r errti j 

1 

f<r «rt( 

Nicotinic acid 

100 ! 

, 10 

100 

Nicotinnmido 

1 25 

i -10 

0 

Diethyl nicotinamide 

! i 

! 100 

0 

Nicotinuric acid , . , , | 

1 

1 

! CO 

3 


of 20 to 21 CC. To 50 cc. Lustcroid tubes arc added 5.0 cc. aliquots of the 
blood filtrates in duplicate, a suitable quantity of bacterial suspension 
(which has been he.atcd to 90° for 5 minutes to inaetivatc the enzymes), 
and water to 5.5 cc. Another scries of aliquots is prepared in the same way 
except that unheated bacteria arc added. A quantity of bacterial sus- 
pension capable of destroying at least 5 times the expected amount of total 
nicotinic acid (total chromogen) should be added to each of these. In 
addition to the above samples, reagent blanks, bacterial suspension blanks, 
a 10 7 standard of nicotinic acid, and a single assay ns described in the 
method of assay should be prepared simultaneously. The tubes are in- 
cubated and centrifuged as described above. 4.0 cc. aliquots of the clear 
supernatant fluid are then transferred to colorimeter tubes and analyzed as 
follows: The pH of each sample is adjusted to 4.5 with phosphoric acid. 
This adjustment of pH is important, because slight variations in acidity 
affect color production considerably. 0.5 cc. of 0.4 at potassium dihydro- 
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gen phosphate is added to each tube, and the tubes placed in a water bath 
at 75-80° for 5 minutes. Then, 0.5 cc. of cyanogen bromide reagent is 
added to each tube, the contents stirred with a glass rod, and the reaction 
continued in the bath for 5 minutes longer. The tubes are cooled in ice 
water. 150 mg. of elon are added to each tube, the contents are mixed 
thoroughly by inversion, and the contents are allowed to stand in the dark 
for 30 to 40 minutes. The percentage of light transmission of each sample 
is then determined in a modified Evelyn photoelectric colorimeter, the 
galvanometer being set at 100 with the blank which is clear and colorless. 
A composite filter of Coming glasses (No. 978 (one-half thickne^) and No. 
597 (3.93 mm.)) which has a maximum transmission at approximately 400 
mfj is used. The values in percentage of light transmission are read from 
calibration lines prepared with pure nicotinic acid solutions. Suitable 
corrections are made for the dilutions of the filtrates. A final volume of 


Table II 

Concenlralion of True Nicolinie Acid in Whole Blood of Dog and Man 


Dog 

Man 

ToUl cirornogco 

Rttldvul 

chromogen 

True o^cotioic 
acid 

ToUl 

ebromogen 

Residual 

chromogen 

True nicotinic 
acid 

y ter ce. 

y ter u- 

y per cc. 

y per cc. 

y per cc. 

yfer a. 

4.8 


4.6 

4.8 

1.7 

3.1 

4.9 


4.9 

6.3 

1.3 

4.0 

5.3 

1.0 

4.3 

3.4 


3.1 

7.2 

0.6 

6.6 

3.3 


3.3 

8.5 

1.9 

6.6 

5.0 


4.0 

5.3 1 

1.6 

3.7 

4.2 ' 


3.2 


' 


4.8 

0.9 

3.9 

Average. .6.0 

0.9 

5.1 

4.4 

0.9 

3.5 


5.0 cc. is used rather than the conventional 10 or 20 cc., since it was pointed 
out by Bandier and Hald that even if the concentration of aminophenol is 
increased proportionately there is twice as much color developed in 5 cc. 
as in 10 cc. 

The values obtained on the samples which have been treated with \m- 
heated bacteria represent residual chromogen (Reading 2). These are 
subtracted from the values obtained on the samples which have been 
treated with heated bacteria and represent total chromogen (Reading 1). 
The difference is considered as "true nicotinic acid.” 

Results 

With this technique the concentration of total chromogen (total nicotinic 
acid) in hydrolyzed dog blood filtrates is found to be 4.8 to 8.5 y per cc. 
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(koc Table 11). 85 per ei'nt of tliis lunoiuit is dccoinpopcci by the bacterial 
enr.yiiK'.s, indiciitinR that this fraction is "true nicotinic acid.” In like 
manner, human blood contains 8.3 to 5.3 7 of total ohromogen per cc.; 80 
per cent of this is decomposcfl !iy the !)aeferial onzyine.s, indicating that this 
i.s the amount of "true nicotinic acid" present. 

The values for total chromogen or total nicotinic acid in dog blood arc in 
agreement with those of IVar.son (5), using the cyanogen bromide-aniline 
method. 

The value.s for total chromogen in human blood arc in agreement with 
those obtained by Handier (0), and Stotz (9), using the cyanogen bromide- 
aminojihenol method, anti with those obtained by Rit.scrt (3), Swa- 
minathan (2), and Patton, Sutton, and Youmans (11), using the cyanogen 
bromide-aniline method. 


.SU.MMAUV 

A specific, enzymatic, colorimetric procedure for the determination of 
“true nicotinic acid” in whole blood is pre.scntcd. The method owes its 
specificity to the use of bacterial cnz.vmcs prc.sent in’ bacteria which have 
been adapted to grow on nicotinic acid. 

Bj' this method it is found that 85 per cent of the total chromogen esti- 
mated as nicotinic acid in dog blood is "tnic nicotinic acid,” and that 80 
per cent of this is "true nicotinic acid" in human blood. 

The author is indebted to Merck and Company, Inc., of Rahway, New 
Jersey, for the generous supply of nicotinic acid, nicotinamide, and nico- 
tinuric acid used in this study. 
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A 

Acetic acid: Aeeto-. Sec Acctoacclic 
acid 

Acetoacetlc acid: P-Hydroxybutyric acid 
and, blood and urine, glucose cflect, 
Slark and Somogyi, 721 

1 — and urine, insulin effect. 
Stark and Somogyi, 731 

I — and urine, relationship. 
Stark and Somogyi, 319 

Acetoln: Blood, acetoin administration 
cSect, Greenberg, 11 

Determination, polarographic, Green- 

berg, U 

Acid-base equilibrium: Sulfanilamide 
effect, Free, Davies, and Myers, 167 
Acidosis: Shock effect, Allison, Cole, 
Leathern, Nastuk, and Anderson, 

s 255 

Aconite: Alkaloids, Jacobs and Craig, 

, 567,571 

Aconltum heterophyllum: Benzoyl het- 
eiatisine, /acoisandCraip, 571 
Adenosine triphosphate: Magnesium an- 
esthesia, relation, DuBois, Albanm, 
and Potter, 699 

Adrenalfs): Cortex, extracts, beef, hog, 
and sheep, activity, comparison, 
Kuizenga, Wick, Ingle, Nelson, and 
Carlland, 561 

> > preparation, Kuizenga, irfek, 

Ingle, Nelson, and Carlland, 561 
, steroids, liver aiginase, effect, 
Fraenkel-Conral, Simpson, and 
Evans, gg 

Adrenalectomy: Liver arginase, effect, 
Fraenkel-Conral, Simpson, and 
Evans, gg 

Albumin: Egg. See Egg albumin 
Alkaloid(s): Aconite, Jacobs and Craig, 

567, 571 

Amine oxidase: Inhibitor specificity, 
Heegaard and Alles, 505 

Substrate speciEcity, Alles and Hee- 
gaard, 487 


Amino ncid(s): Dehydrogenated, pep- 
tides, Dohcrly, Ticlzman, and Bcrg- 
mann, 617 

Amlnobenzolc acid: p-, determination, 
microbiological, Milchell, Isbell, and 
Thompson, 485 

Amylase: Pancreas, Lillie and Caldwell, 

229 

Anemia: Rickets, relation, Fuhr and 
Slccnbock, 71 

Anesthesia: Magnesium, adenosine 

triphosphate relation, DuBois, 
Albaum, and Poller, 699 

Angiotonln: Formation, enzymatic, renin 
and renin activator, Plenll and Page, 

135 

Anhydrase: Carbonic, sulfanilamide, ef- 
fect, Free, Davies, and Myers, 167 
Apoferrltln: Spleen, Granick and Mi- 
chaelis, 91 

Arginase: Liver, adrenalectomy and ad- 
renocortical steroids, effect, Fraenkel- 
Conral, Simpson, and Evans, 99 
Ascorbic acid: Blood, determination, 2,4- 
dinitrephenylhydrazine derivative of 
dehydroascorbic acid, use. Roe and 
Kuether, 399 

Dehydro-, 2,4-dinitrophenylhydrazine 
derivative, ascorbic acid determina- 
tion, use, blood and urine. Roe and 
Kuelher, 399 

Urine, determination, 2,4-dinitrophen- 
ylhydrazine derivative of dehydro- 
ascorbic acid, use. Roe and Kuelher, 

399 

Atislne: Dihydro-, Jacobs and Craig, 

567 

Heter-, benzoyl, Aconilum helerophyl- 
lum, J acobs and Craig, 571 

Iso-, Jacobs and Craig, 567 

Sodium hydroxide action, Jacobs and 
Craig, 567 

B 

Bacillus: See also Laclobacillus 
Bacteria: Autotrophic, phosphorylated 



802 


I.VPKX 


Bnctcrln—coJi/ini/Cf/.* 

ciirlxihydmtc c/itrni, l^rVcgc nml 
Uvihrrit, l’r>3 

Bcnn: Soy, lijKi.iitol, ipoI.Uinn nnd rlirm- 
ical con!itil\ilion, IfooZ/cy, MI 

Benzoic ncltl; /i-Aniino-, detennin.'xtioii, 
niirroliit>!('f:irnl, Miuhrll, hlrll, ar.rl 
Thomp.iot!, 

Benzoyl hcterntisinc: AeoniViioi hfUro- 
phijlhim, Jacobs and Craig, .'571 
Bile: CohoU di'drilniiioti nnd rzeretion, 
mdiaictivp ifolopo in rtnrly, (Irrcn- 
herg, Copp, and Culhhnttnn, 7-i9 
Iron distribution nnd excretion, nulio- 
nclivo isotope in ntudy, (irctnlcrg, 
Copp, and CtilhhcTtron, 7-10 

Mnngnncsc distribution nnd excretion, 
radiasetive isotope in ntudy, Grctn- 
berg, Copp, and Cuthbnlton, 719 
Blood: Acetoin, nectoin ndminintnUion 
cfTccl, Greenberg, II 

Ascorbic ncid determinntion, 2,4-di- 
iiitropbonylhydwsino dorirativc of 
dcliydronscorbic ncid, use, Coe and 
Kuethcr, 399 

Glucose injection effect, Dueding and 
Goldfarb, 33 

iS-Hydroxybutyric ncid nnd nccta'icctic 
acid, glucose effect, Slark and Sonto- 
gyi, ... 

ncid, insulin effect. Stark and 

Somogtji, 731 

acid, relationship, Stark and 

Somogtji, 319 

Keto acids, determinntion, Friedemann 
and Haugen, 415 

Lactate injection effect, Bueding and 
Goldfarb, 33 

Nicotinic acid, determination, enzy- 
matic, AlUnson, 7S5 

Nitrous oxide solubility, Cullen and 
Cook, 23 

Pantothenic acid, IFn'ff/it, 261 

Phospholipids, determination, Marenzi 
and Cardini, 371 

Protoporphyrin determination, photo- 
electric nnd fluorophotometric, Grin- 
sicin and TFafson, 975 

Pyruvate injection effect, Bueding and 
Goldfarb, 33 


Blood scrum; Polnssium, extracellular 
fluid and rodium, depletion, effect, 
.1/ ilUr, 121 

Body weight: Suecinylaulfathmolc and, 
xnntlioptrrin, effect, Tetter and Day, 

257 

Buffer; Pantothenic ncid determination, 
Lncinbaciltii .1 case! use, effect, Stohei 
and Martin, 183 

Butyric ncid: p-Uydroxy-, ncetaacetic 
arid and, bltvod nnd urine, glucose 
effect, Slark and Somogtji, 721 

— ^ ^ blood nn<t urine, insulin 

effect, Stark and Somogyi, 731 
— ^ ^ blood nnd urine, relation- 
ship, end .S'omofyi, 319 

— , mammary gland, Lactnting, utiliza- 
tion, and Petersen, 639 

C 

Calcium: Determination, picrolonic acid 
use, Cohn and Kolthoff, 705 

Iron utilization, effect, Fuhr and 
Steenbock, 59, 65, 71 

Carbohydrnte: Esters, phosphorylatcd, 
Ixactcria, autotrophic, LePage and 
Umbreit, 

Carbon dioxide: Fixation, enzymatic, 
oxnlncctntc, Krampits, Wood, and 
Workman, 243 

Liver extract, cell-free, fixation, mech- 
anism, Frans, Vennesland, and 
Slotin, 771 

Carbonic nnbydrase: Sulfanilamide, ef- 
fect, Free, Dorics, and Myers, 167 
Catechoinse: See Tyrosinase 
Cell: Nucleus, liver, isolated, enzjmcs, 
Dounee, 6S5 

Cholic acid; Oxidation, Gallagher and 
Long, 131 

Choline; Determination, colorimetric, 
Marenzi and Cardini, 

Cltrulllne: Ornithine cycle, relation, 
Gornall and Hunter, 593 

Clover: Sweet, hemorrhagic disease, 
Link, Overman, Sullivan, Huebner, 
atid Schcel, 463 

Cobalt: Bile, distribution and excretion, 
radiaactive isotopes in study, Green- 
berg, Copp, and Cuthbertson, 749 
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Creitine: Phospho-. See Phosphocrca- 
tine 

D 

Dehydroascortlc acid: 2,4-Dinitrophcn- 
ylhydracinc derirative, ascorbic acid 
determination, use, blood and urine, 
Soe and Kxtether, 399 

Desoiycortlcosterone acetate: Pregnane- 
diol excretion, cITect, HoJJman, 
Kazmin, and Browne, 259 

Deaterlum: d-Lysine metabolism, study 
with, Ratncr, Weissman, and Schoen- 
heimer, 519 

Dlhydroatlslne: Jacobs and Craig, 507 
DUodotyroslne: Formation in vitro, ra- 
dioactive iodine as indicator, Morion 
and Chaikoff, 1 

— , thyroidectomy’ effect, rr.dioactiv., 
iodine as indicator. Morion Chaihoff, 
Reinhardt, and Anderson, tST 

E 

albumin: Reducing grcaps. Heller- 
man, Chinard, and Dei! <, 443 

Enzyme (s): Angiotonin formation from 
renin and renin activator, nature, 
Plentl and Page, 135 

Blood nicotinic acid determination, 
use, Allinson, 785 

Carbon dioxide fixation, oxalacetate, 
Krampitz, IK ood, and Werkman, 243 
Liver cell nuclei, isolated. Bounce, 

685 

— , fatty acid oxidation, Munoz and 
Leloir, 355 

See also Amylase, Anhydrase, Arginase, 
Hydrogenase, Laccase, Oxidase, 
Tyrosinase, Urease 

Estrone: Metabolism, man, Pearlman and 
Pincus, 379 

Extracellular fiuid: Depletion, blood 
serum potassium, effect. Miller, 121 
— , muscle potassium, effect. Miller, 

121 

F 

Fasting: Liver glycogenesis, effect, 
McBride, 333 


Fasting — continued: 

Liver iratcr balance, glucose feeding 
and, effect, McBride, 333 

Fatty ncld(s): Esters, unaaturated, heat 
effect, Norris, Jlusoff, Miller, and 
Burr, 273 

Oxidation, liver enzymes, Munoz and 
Leloir, 355 

Storage, linolcic and palmitic acids, 
effect, Visschcr and Corley, 291 
Synthesis, body, linoleic and palmitic 
acids, effect, Visschcr and Corley, 

291 

Unsatumted, distillation, fractional, 
Norris, Rusoff, Miller, and Burr, 

273 

Feces: Lcucemia, specific substances, 
preparation, Turner and Miller, 573 
Zinc excretion, radioactive zinc isotope 
in study, Sheline, ChailMf, Jones, 
and Montgomery, 409 

Ferritin: Granick and Michaelis, 91 
Ai>o-, spleen, Granick and Michaelis, 

91 

G 

Glomerulus: Urine, Botl, 653 

— , sodium, Neclurus, Bolt 653 

Glucose: Blood composition, injection 
effect, Bueding and Goldfarb, 33 
— , p-hydroxybutj’ric acid and aceto- 
acetic acid, effect. Stark and Somo- 

gyi, _ 721 

Determination, titrimetric, micro-, 
Humoller, 281 

Liver water balance, fasting and, feed- 
ing effect, McBride, 333 

Pantothenic acid determination, Lacto- 
bacillus casei use, effect, Stokes and 
Martin, 483 

Urine, p-hydroxybutyric acid and 
acetoacetic acid, effect. Stark and 
Somogyi, 721 

Glyceric acid: Phospho-, preparation, 
DuBois and Poller, 41 

Glycogenesis: Liver, fasting effect, 
McBride, 333 

Growth: Factor, Lactobacillus casei. Pol- 
lack and Lindner, 183 
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Growth— corWinurt/: 

Hormone, pituilnry, (interior, purificn- 
tion, .\fars, ,S’tm;)son, oniJ Kvans, 

77 

Subst.inco, plant, tryptoplmne conver- 
Bton, nlhnUn'ity elTecl, Gordon and 
M’ildman, 3S9 

H 

Hemoglobin: Cryatallinc, iron, litrnharl 
nnd Skepffs, 10 

Protluction, vitamin D cfTcct, Ftihr and 
Stccnbock, G5 

Protoiiorphyrin IX from, purification, 
Grinstrin nnd Walaon, C07 

Hemorrhage: Sweet clover disease, Link, 
Ot'crman, SuUifan, lluchncr, and 
Schctl, ICS 

Sctcratlslnc: Bcnroyl, Acoriiturn hettro- 
pkylliini, Jacobs and Craip, 571 

Hexose diphosphate; Prciviration, Du- 
Dais and PoUcr, 41 

Hexose monophosphote; Prejxinition, 
DuDois and PoUcr, 41 

Hydrogen; Water nnd, exchange reaction, 
biological catalysis, tlobcnnan and 
RUlcnbcrg, 211 

Hydrogennsc: Nitrogen fixation, sym- 
biotic, nnd, IfrYson, Burris, and Cof- 
fee, 475 

Hydrogen ion concentration: Intestine, 
factors affecting, liobinson, Luckey, 
and Mills, 175 

Hydroxybutyrlc acid: fi-, ncctaacetic acid 
and, blood nnd urine, glucose effect. 
Stark and Somogyi, 721 

— ^ , blood and urine, insulin 

cflcct. Stark and Somogyi, 731 
— , , blood and urine, relation- 
ship, Stark and Sotnogyi, 310 

— , mammary gland, lactating, utiliza- 
tion, Shaw and Petersen, 639 

Hypoprothromblnemla: Salicylic acid 
effect. Link, Overman, Sullivan, 
Huchner, and Schccl, 403 

I 

Inositol: -Containing phospholipid, soy 
bean, isolation ami chemical consti- 
tution, Woolley, S81 


Insulin; Blood, P-hydroxybutyric acid 
nnd ncetoacetic acid, cflcct, Stark and 
Somogyi, 731 

Urine, ^-liydroxybutyric acid nnd 
ncctaacetic acid, cflcct, Stark and 
Somogyi, 731 

Intestine: Hydrogen ion concentration, 
factors aficcling, Robinson, Lackey, 
and Mills, 175 

Invertebrate (o); Tissue, nutolysis, Bel- 
fcT, Koran, Edtr, and Bradley, 315 
Iodine: Biological materials, determina- 
tion, micro-, Shahrokk, 109 

Mclalwlism, radiaactivc iodine as indi- 
cator, Morton, ChaikofJ, Reinhardt, 
and Anderson, 757 

Proteins, thyroid activity, cflcct. Rein- 
eke, Williamson, and Turner, 115 
Radiaactivc, thyroxine and diiodotyro- 
sinc formation in vitro, indicator, 
Morton and Chatkojf, 1 

— , formation, thyroidectomy 

effect, indicator, Morton, Chaikoff, 
Reinhardt, and Anderson, 757 
Iron: Availability, phytic acid effect, 
Fvhr and Sleenbock, SO 

Bile, distribution nnd excretion, radio- 
active isotopes in study, Greenberg, 
Copy, and Culhbertson, 749 

Body, vitamin D effect, Fuhr and 
Stcenboek, 65 

Hemoglobin, crystalline, Bemhart and 
Skeggs, 1® 

Utilization, calcium, phosphorus, and 
vitamin D effect, Fuhr and Stccnbock, 

69, 65, 71 

Isontlslne: Jacobs and Craig, 567 

Isotope (s); Radiaactivc, iron, cobalt, and 
manganese distribution and excre- 
tion, bile, study with, Greenberg, 
Cepp, and Cxithbcrtson, 749 

— , mineral metabolism indicator, 
Greenberg, Copy, and Cuihbertson, 

749 

K 

Keto acld(s): Blood, determination, 
Friedemann and Haxtgen, 415 

Urine, determination, Friedemann and 
Haugen, 415 
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Kidney: Lnccase, nature, Baker and \ 
Nelson, 341 ' 

L 

Lacease: Kidney, nature, Baker and 
Nelson, 341 

lactate: Blood composition, injection 
effect, Bueding and Goldfarb, 33 
lactation: Mammary gland, ^-hydroxy- 
butyric acid utilization, Shaio and 
Petersen, 039 

lactobaclllus easel: Growth factor, Pol- 
lack and Lindner, 183 

Microbiological determination, use. 
Light and Clarke, 739 

Pantothenic acid determination, buffer 
and glucose effect, Stokes and Mar- 
h’n, 483 

lencemla: Feces specific substances, 
preparation. Turner and Mi/fer, 573 
Urine specific substances, preparation. 
Turner and Hiller, 573 

lencopenla: Succinylsulfathiazole and, 
xanthopterin, effect. Totter and Day, 

257 

llnolelc acid: Fatty acid synthesis' and 
storage, effect, Visscher and Corley, 

291 

llpld(s): Phospho-. See Phospholipid 
llpositol: Soy bean, isolation and chem- 
ical constitution, Woolley, 581 

Liver: Arginase, adrenalectomy and ad- 
renocortical steroids, effect, Fraen- 
kel-Conral, Simpson, and Evans, 

99 

Cell nuclei, isolated, enzymes. Bounce, 

685 

Enzymes, fatty acid oxidation, Munoz 
and Leloir, 355 

Extract, cell-free, carbon dioxide fixa- 
tion, mechanism, Evans, Vennesland, 
and Slotin, 771 

Glycogenesis, fasting effect, McBride, 

333 

Urea synthesis, Gomall and Hunter, 

593 

Water balance, fasting and glucose 
feeding effect, McBride, 333 

Lysine: d-, metabolism, deuterium and 
heavy nitrogen in study, Ratner, 
Wiissman, and Schoenheimer, 549 


M 

Magnesium: Ancsthcs'ia, adenosine 

triphosphate relation, DuBois, 
Albaum, and Potter, 699 

Mammary gland: Lactating, /3-hydroxy- 
butyric acid utilization, Shaw and 
Petersen, 639 

Manganese: Bile, distribution and ex- 
cretion, radioactive isotopes in study, 
Greenberg, Copp, and Cuthberison, 

749 

Mesoporphyrln: Protoporphyrin conver- 
sion, micro, Grinstein and IFalson, 

671 

Methionine: Color reaction, Sofin, Rosen- 
blum, and Schultz, 557 

Mineral: Metabolism, radioactive iso- 
topes in study, Greenberg, Copp, and 
Cuthbertson, 749 

Mosaic: 'Virus, tobacco, rib-grass strain, 
sulfur, Knight, 663 

Muscle: Phosphate, inorganic, radio- 
active phosphorus in study, Bollman 
and Flock, 155 

Phosphocreatine, radioactive phos- 
phorus in study, Bollman and Flock, 

155 

Potassium, extracellular fluid and so- 
dium, depletion, effect. Miller, 121 

N 

Necturus: Urine, glomerulus, sodium, 
Bott, 653 

Nicotinic acid: Blood, determination, 
enzymatic, Allinson, 785 

Nlcotinuric acid: Synthesis, Fox and 
Field, 651 

Nitrogen: Fixation, symbiotic, hydro- 
genase and, Wilson, Burris, and Cof- 
fee, 475 

Heavy, d-lysine metabolism, study 
■with, Ratner, Weissman, and Schoen- 
heimer, 549 

Nitrous oxide: Blood, solubility, Cullen 
and Cook, 23 

Nomogram: Protein properties, TFyman 
and Ingalls, 297 

Nucleus: See Cell 
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O 

Ornithine: Cycle, citrullino rclution, 
Gormll and Hunlrr, WKt 

Oxnlncctntc: Cnrbon dioxiiic fixntion, 
cnrymatic, Krampiti, Hoorf, and 
irfr/;mnn, 2t!l 

Oxldnse: Amine, inhibitor npccificity, 
Ilecgaard and Aiks, 505 

— , flubfllmtc Hjjpcificity, Aiks and 
llccgaard, -JS? 

P 

Palmitic acid: Fatly acid synthenis and 
Btompc, effect, Visschtr and Corky, 

201 

Pancreas: Amylase, Little and Cahhcrll, 

220 

Pantothenic acid: Blood, Wright, 2G1 
Determination, I^clobaciltus casci use, 
buffer and glucose effect, Stohes and 
Marlin, •1S3 

Paraffin: Metabolism, Steden, 327 

Penicillin: B, Pcnicillium notatum, Hob- 
crls, Cain, Mnir, Rcithcl, Gaby, Fan 
Bruggen, Homan, Katsman, Jones, 
and Doisy, -17 

Penlcllllum notatum: Penicillin B, Rob- 
erts, Cain, Muir, Rcilhcl, Gaby, Fan 
Bruggen, Homan, Katsman, Jones, 
and Doisy, 47 

Peptide (s): Amino acids, dehydro- 
genated, Doherty, Tictsman, and 
Bergmann, 017 

Synthesis, transamination, Hcrbsl and 
Shemin, 541 

Phosphate (s): Inorganic, mus<;le, radio- 
active phosphorus in study* Bollman 
and Flock, 155 

Phosphocreatlne: Muscle, radioactive 
phosphorus in study, Bollman and 
Flock, 155 

Phosphoglycerlc acid: Preparation, Du- 
Bois and Potter, 41 

Phospholipid (s): Blood, determination, 
Marenzi and Cardini, 371 

Inositol-containing, soy bean, isolation 
and chemical constitution, Woolley, 

681 

Phosphorus; Iron utilization, effect, Fuhr 
and Stecnbock, 59, 65, 71 


Phosphorus—eontinurd; 

Iladioactivc, muscle phospliocrratine 
and inorganic phosphate, study with, 
Bollman and Flock, 155 

— , vitamin D action, study with, 
Shimotori and Morgan, 201 

Phytic acid; Iron availability, effect, 
Fuhr and >Strrnhnck, 50 

Plcrolonlc add: Calcium determination, 
use, Cohn and Kollhnff, 705 

Pituitary; Anterior, growth hormone, 
juirification, Marx, Simpson, and 
Ktans, 77 

Plant: Growth substance, tryptophane 
convention, nlkniinity effect, Gordon 
and Wildman, 3S9 

Porphyrin; Meso-, protoporphyrin con- 
vention, micro, Grinstcin and H’al- 
fon, 671 

Proto-, Grinstcin and H'alaon, 

6G7, 671, 675 

— , blood, determination, photoelectric 
and fluorophotomctric, Grinstcin and 
iroMon, 675 

— , mesoporphyrin, conversion, micro, 
Grinstcin and Watson, 671 

— , IX, hemoglobin, purification, Grin- 
stcin and Watson, 667 

Potassium: Blood serum, cxtmcellulai 
fluid and sodium depletion, effect, 
Miller, 121 

Muscle, cxtraccIiuLar fluid and sodium 
depletion, effect. Miller, 121 

Pregnnncdlol: Excretion, dcsoxycorticos- 
tcrone acetate effect, Hoffman, Kaz- 
min, and Browne, 259 

Prolactin: Preparation, Schwenk, 

Fleischer, and Tolksdorf, 635 

Solubility, alcohol, Fleischer, 525 
Proteln(s): lodinated, thyroid activity, 
effect, Reineke, Williamson, and 
Turner, 115 

Properties, nomogram, IFyman and 
Ingalls, 297 

Sulfhydryl groups, urease reversible 
inactivation, relation, Hcllcrman, 
Chinard, and Deitz, 443 

Prothrombinemla: Sec also Hypopro- 
thrombinemia 
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Protoporphyrin: Gr:nstcin and Watson, 
GG7, G71, 675 
Blood, delcrminalion, pholoclcclric 
and fluorophotomctric, Grinslcin and 
Tl'otson, 675 

Mesoporphyrin, conversion, micro, 
Grinslcin and Watson, 671 

K, hemoglobin, purification, Grinslcin 
and Il'afson, 667 

Pyruvate: Blood composition, injection 
effect, Bucding and Goldfarb, 33 
Pyruvic add: Fricdcmann and Haugen, 


Reducing group (s): Egg albumin, Heller- 
man, Chinard, and Deitz, 443 

Prease, Hellerman, Chinard. and Deitz, 

443 

Renin: Activator, angiotonin formation, 
enzymatic, Plemll and Page, 135 
— , nature, Plentl, Page, and Davis, 

143 

Angiotonin formation, enzymatic, 
Plentl and Page, 135 

Rib-grass: Strain, tobacco mosaic virus, 
sulfur, Knight, 663 

Rickets: Anemia, relation, Fuhr and 
Sleenbock, 71 

S 

Salicylic acid: Hypoprothrombinemia, 
effect, Link, Overman, Sullivan, 
Huebner, and Seh^el, 463 

Shock: Acidosis, effect, Allison, Cole, 
Leathern, Nastuk, and Anderson, 

255 

Urine, effect, Allison, Cole, Leathern, 
Nastuk, and Anderson, 255 

Sodium: Depletion, blood serum potas- 
sium, effect. Miller, 121 

— , muscle potassium, effect, Miller, 

121 

Urine, glomerulus, Necturus, Bott, 

653 

Soy bean: See Bean 

Spleen: Apoferritin, Granick and Mi- 
chaelis, 91 

Steroid (s): Adrenocortical, liver ar- 
gitmse, effect, Fraenkel-Conrat, Simp- 
son, ond Evans, 99 


Succlnylsulf athlazole : Xanthopterin 

and, body weight, effect. Toller and 
Day, 257 

, Icucopenia, effect. Toller and 

Day, 257 

Sulfanilamide: Acid-base equilibrium, 
effect. Free, Davies, and Myers, 

167 

Carbonic anhydrase effect. Free, 
Davies, and Myers, 167 

Sulfhydryl group (s): Protein, urease 
reversible iiuctivation, relation, Hel- 
Icrman, Chinard, and Deitz, 443 
Sulfur: Tobacco mosaic virus, rib-grass 
strain, Knight, 663 

T 

Thyroid: Activity, proteins, iodinated, 
effect, Reineke, Williamson, and 
Turner, 115 

Thyroidectomy: Diiodotyrosine forma- 
tion, radioactive iodine as indicator, 
Morton, Chaikoff, Reinhardt, and 
Anderson, 757 

Thyroxine formation, radioactive 
iodine as indicator. Morion, Chaikoff, 
Reinhardt, and Anderson, 757 

Thyroxine: Formation in vitro, radioac- 
tive iodine as indicator, Morton and 
Chaikoff, 1 

— , thyroidectomy effect, radioactive 
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